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A comprehensive series of radioactive source, accelerator-based and 
reactor-based experiments to determine the structure of some 40 heavy 
nuclei beyond mass value 100, especially of the nucleus 1 Er, is 
described in the first two Sections of the thesis. In Section I, the 
results of an extensive measurement programme on 1 Er involving (n,y) 
and (n,&) reactions, and single- and two- nucleon transfer 
reactions, are described. The neutron capture studies were conducted 
on the curved crystal-, beta-, and pair formation-spectrometers at 
the High Flux Reactor of the Institut Laue-Langevin, and the particle 
transfer experiments at the McMaster University Tandem Van de Graaff 
accelerator. The final level scheme deduced from all experiments 
incorporates the 128 levels identified into 37 rotational bands (for 
4 of them, just the bandheads), making 168  Er arguably the most fully 
characterized nucleus known. An IBA model interpretation of the 
collective states and decay patterns reproduced the observed level 
scheme well, especially predicting the observed preferred y-decay 
from the p- to the y-bai. A discusioL is yiven o;;A 
competing, theoretical treatments which these experimental results 
triggered.The results of the large body of particle transfer data 
from the experiments compared very favourably with the predictions 
of the Soloviev model. 
Section II comprises radioactivity studies of isotopes in the 
actinium chain carried out at the University of Manitoba; in-beam y -
ray spectroscopy of high spin states in rare earth nuclei following 
(ct,xn) reactions performed at the Kernforschungsanlage Jülich 
cyclotron; and neutron capture studies on heavy nuclei carried out 
at the Institut Laue-Langevin. Significant advances from the 
cyclotron experiments included many of the first examples of the 
"backbending" effect of the nuclear moment of inertia at high spins 
in nuclei around A160 and interpretation of observed regularities 
in the y-ray spectra in both odd-A and even-A Hg isotopes in terms 
of the rotational alignment model. The (n,y) measurements were made 
on 40 even-A, odd-A, and doubly-odd nuclei, including 4 actinides and 
a transuranic isotope 249Cm. This work contributed new knowledge about 
nuclear excitations including new insights into vibrational 
configurations in odd-neutron actinides and the first evidence of a 
new symmetry in nuclei ( 196Pt). 
Section III deals with miscellaneous publications, almost all having 
a nuclear physics base, which comprise (p,p), (p,ny) and particle 
capture reaction studies on light nuclei, carried out at the 
Australian National University; and electron linear accelerator-based 
photoneutron, photo-absorption, and photon activation studies, 
studies on the 3H n-spectrum, and studies in connection with the 
Sudbury Neutrino Observatory carried out at the National Research 
Council of Canada. 
HDC/ABST/92 	 Use this side only 
5 
- SECTION I - 
NUCLEAR STRUCTURE OF 168  Er 
I - 1. 	INTRODUCTION 
In the mid 1970s, the GAMS curved crystal (Ref. 1) and BILL 
beta spectrometers (Ref. 2) had just been commissioned at the 
High Flux Reactor of the Institut Laue-Langevin (ILL), Grenoble, 
France. Viewing targets located in the intense neutron flux near 
the centre of the pile, these sophisticated instruments offered 
hitherto unattainable resolving power and detection sensitivity 
in neutron capture spectroscopy. The author was privileged to be 
part of an in-house team that commissioned and exploited these 
experimental facilities. 
Using these facilities, a series of neutron capture 
experiments was conducted over a wide range of different nuclei, 
in particular many nuclei whose relatively small capture cross 
section had prevented earlier examination. Because of its 
inherent non-selectivity, the thermal neutron capture reaction 
can in principle ensure the identification of all low spin levels 
below the pairing energy of a nucleus. These experiments led to 
substantial new knowledge of level schemes and decay modes, and 
to insights into nuclear structure. The results of these studies 
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were published and are discussed in Sections I and II. 
In Section I, the results of an in-depth study, initiated 
in 1976 and brought to fruition with a final publication in 1991, 
of the heavy doubly-even deformed rare earth nucleus 168Er are 
presented in a total of 11 publications (PUBS. I-i to I-li), 
reprints of all of which are inserted in this thesis.' These 
publications describe high resolution neutron capture 
spectroscopic studies of 168Er, single- and two-nucleon transfer 
reactions into 168Er, and interpretation of the experimental 
results on the collective states in 168Er in terms of the 
Interacting Boson Approximation (IBA) model. The (n,y) data from 
the ILL were supplemented with average resonance capture (ARC) 
data from a collaboration with Brookhaven National Laboratory. 
The totality of these data enabled the construction of a 
remarkably detailed and comprehensive level scheme for 168Er where 
the 128 levels identified are arranged - and arguments are 
advanced to support this - into 33 rotational bands as well as 
4 isolated bandheads, thus making "'Er, from an experimental 
point of view, arguably the most fully characterised nucleus 
known. 
Section II is devoted to the substantial new knowledge on 
'In addition to the publications in peer reviewed journals 
cited in this thesis (PUBS. I-i to 111-37, inclusive) there exist 
about another 30 papers that appeared in proceedings of 
conferences and are citable and have been cited. Many of these 
conference papers constituted progress reports of work ultimately 
written up for formal publication, but since these papers were 
never referreed, the author has preferred not to include them in 
this thesis. 
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the level schemes and structure of a wide range of heavy ( i.e., 
mass number A > 100) nuclei, other than "Er, that derived from 
similar neutron capture investigations. In Section III, 
miscellaneous publications of the author on other topics are 
brought together and discussed. 
The context of the study of 168Er came from a number of 
directions. It was known that while basic low lying excitations 
in heavy nuclei were often well characterised experimentally, 
relatively little was known about the regime of intermediate 
excitation located above these low lying excitations. The 
combination of an advantageously high target spin of 7/2+, a 
large thermal capture cross section (670 barns) , and reliable 
knowledge from previous studies of low lying excitations made the 
rare earth doubly-even rotational nucleus 168  Er an ideal candidate 
for our purposes. On the theoretical side, there were also 
stimuli to examine the nuclear structure of heavy rotational 
nuclei in more depth. The appearance of Bohr and Mottelson's 
landmark book on "Nuclear Structure" in 1975 (Ref. 3) provided 
an initial impetus to examine the nucleus 168Er with the ILL 
instruments. "'Er was used in that textbook as an example against 
which the predictions of their collective model of nuclear 
excitations could be compared. The accepted level scheme at that 
time was however rudimentary, consisting of ground state band, 
y-vibrational band, and two two-quasiparticle bands. There was 
no experimental evidence, for example, for two-phonon collective 
excitations predicted by the collective model, the discovery of 
which would have been central to pinning down the basic tenets 
of the Bohr-Mottelson approach. Furthermore, a completely new 
approach to understanding basic collective excitations in nuclei 
was coming to the fore, namely the IBA model of Arima and 
lachello (Ref. 4) who recognized the role of dynamical symmetries 
in nuclear structure and employed algebraic modelling, in terms 
of the SU(3) limit, to provide an alternative interpretation of 
nuclear excitations in heavy deformed nuclei, such as ' 68 Er. 
I - 2. 	NEUTRON CAPTURE EXPERIMENTS 
The results of neutron capture investigations into the 
structure of ' 68 Er are described in five publications over the 
decade 1981 to 1991 (PUBS. I-i, 1-2, 1-5, 1-6, and I-li) . The 
publication entitled "Identification of all intrinsic excitations 
below 2 MeV in 168Er" (PUB. I-i) describes the results of 
comprehensive (n,y) and (n,e) measurements and analysis in the 
period 1976-80 and contributed new knowledge about the level 
structure of 168Er: 79 excited levels were classified as members 
of 20 rotational bands, of which 12 bands were identified for the 
first time. Because of facilitating attributes connected with the 
167Er(n,y) 168Er system - advantageous sequence of cross sections, 
relatively high target spin, low-lying y-bandhead - it was 
possible to carry out spectroscopy in essentially unexplored 
regions of excitation. As a result, unique spin-parity 
assignments for 74 out of the 79 levels were deduced on the basis 
of measured transition multipolarities and average resonance 
capture (ARC) data. The ARC data were analyzed from a new 
perspective and found to be "complete", leading unambiguously to 
the determination of the number of rotational bands and their K 
quantum number and parity values (PUB. 1-2). All low-spin 
negative- (positive-) parity levels up to an excitation energy 
of about 2.2 MeV (about 2.0 MeV) were identified. 
The results of this 1981 paper (PUB. 1-1) have continued to 
attract wide interest among the scientific community. 2 Given 
that the results still did not provide evidence for the presence 
of two-phonon states predicted by the collective model, the 
experimental program on "'Er was continued. Further portions of 
the (n,y) spectrum were scanned, and a series of single- and two-
nucleon transfer reactions populating 168Er started. The results 
of these (n,'y) studies were reported in three publications: a 
letter in Physics Letters (PUB. 1-5) on the identification of the 
fourth K'=0 band, a discussion of the levels in a Festschrift 
article (PUB. 1-6) for Dr. Gerhard Herzberg in the Canadian 
Journal of Physics, and a final wrap-up publication in 1991 (PUB. 
I-li) which refers also to addendum report Nr. PIRS-0228 of the 
National Research Council of Canada wherein complete details of 
the T-ray and electron line spectra and deexcitation modes are 
tabulated. In addition, a further four publications (PUBS. 1-7, 
1-8, 1-9, and 1-10) describe the results and conclusions of the 
particle transfer reactions. The author emphasizes that the 
results of both kinds of investigation are mutually complementary 
and were examined together, and iteratively, in order to come up 
2There were 103 citations up to end of 1992 according to 
Science Citation Index. 
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with the final definitive level scheme for ' 68 Er in the 1991 
publication (PUB. I-li) 
In the publication entitled "Consequences of Completeness 
in Nuclear Spectroscopy" (PUB. 1-2) it was argued how the data 
on the "'Er levels taken together with results from the ARC 
measurements guaranteed the observation of complete sets of 
levels in certain spin and excitation energy ranges. This new and 
novel type of analysis disclosed how the mere fact of knowing 
that sets of levels are complete can result in an unambiguous 
description of the total number of associated bands and their 
specific quantum numbers - thereby offering an exacting challenge 
for theoretical models that purport to describe such nuclei. 
The results of calculations in terms of an IBA description 
of collective states in 168 Er gleaned from these experimental 
studies, and how this description compares with the more 
traditional geometrical description of collective nuclei, were 
published in Phys. Rev. Letters (PUB. 1-3), followed with a 
fuller report in the Physical Review (PUB. 1-4). These 
calculations constituted at that time the most detailed test of 
the IBA in the region of well deformed nuclei. The overall 
agreement with the data turned out to be impressive, both in 
terms of the correct prediction of the complete set of positive 
parity states below the pairing gap, and the reproduction of the 
intrinsic E2 matrix elements, both interband and intraband. 
Significantly, this complete description of the collective states 
resulted from a very simple parameterization of the model which 
11 
included a total of five parameters, four of which were fixed 
from simple prescriptions and only one was permitted to vary 
freely. Probably the most interesting result of this study was 
the prediction of the preference of the 'y-decay branch from the 
3- to the-(-band, over that to the ground state band, which 
represents a fundamental characteristic of the model in this 
region of nuclei and is reflected by the experimental data. The 
IBA description of "'Er showed furthermore that, on the basis of 
the present data, collective 0-vibrations do not exist in 
deformed nuclei. The results of explicitly introduced band mixing 
(specifically, j3- 'y mixing) calculations to determine relative 
interband transition strengths in the framework of the 
geometrical model were compared and contrasted with the results 
of the IBA approach. 
I - 3 	PARTICLE TRANSFER REACTIONS 
Whereas the neutron capture studies described above led to 
vastly improved knowledge of the level structure of 168Er, there 
existed at the time of these investigations very little reliable 
data from single-nucleon and two-nucleon transfer reaction 
spectroscopy. Such information is indispensable for a full 
understanding of the microscopic structure of the constituent 
levels of 168Er and is often crucial in distinguishing among 
different theoretical interpretations. 
A partnership was struck up in 1980 with Dr. D.G. Burke of 
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McMaster University to study 168Er collaboratively at the Tandem 
Van de Graaff accelerator using charged particle reactions. An 
extensive program of single- and two-nucleon transfer reaction 
studies took place over five years and resulted in the 
publication of 4 detailed papers (PUBS. 1-7, 1-8, 1-9, and I-la) 
The (d,p), (t,d), (p,t), (t,p), and (t,) reactions 
(purposefully, every possible proton-, deuteron-, and triton-
induced reaction leading into '"Er) were used to populate 168Er as 
final nucleus. The experiments comprised the 167Er(d,p) 168Er and 
167Er(t,d) 168Er single-neutron stripping reactions (PUB. 1-7), the 
166Er(t,p) 168Er and 170Er(p,t) 168Er two-neutron transfer reactions 
(PUB. 1-8), and the 169Tm(t,) 168Er single proton pickup reaction, 
using, in part, beams of polarized tritons furnished by the 
Tandem Van de Graaff accelerator at Los Alamos National 
Laboratory (PUB. 1-9). Knowledge of the precise location of 118  Er 
levels and their J,KW values from the neutron capture experiments 
was naturally a tremendous asset in unravelling the complex 
charged particle spectra measured experimentally. In this regard, 
charged particle spectra generally have resolutions of order 10 
key, some two orders of magnitude greater than those associated 
with curved-crystal spectrometry. 
The principal outcome of the (d,p) and (t,d) reaction 
studies (PUB. 1-7) was the determination of the admixtures of 
specific two-quasineutron configurations to the various bands in 
168Er. In these experiments beams of 12 MeV deuterons and 15 MeV 
tritons were obtained from the McMaster University Tandem Van de 
Graaff accelerator. The reaction products, recorded at 15 angles 
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between 6 and 90 degrees to give angular distributions, were 
analyzed with an Enge magnetic spectrograph, typical resolution 
being about 10 key (FWHM). The resulting experimental cross 
sections were compared with theoretical cross sections predicted 
from Distorted Wave Born Approximation (DWBA) calculations. From 
this work, the (d,p) and (t,d) angular distributions for several 
dozen levels in "'Er were examined and specific two-quasineutron 
components for many of them determined. The interpretation relied 
heavily on excitation energies and J,K' values known from the 
(n,'y) studies. These experiments provided a sensitive method of 
accessing specific microscopic components in the wave functions 
of the levels, in this case admixtures of two-quasineutron states 
formed by coupling a neutron to the 7/2[633] orbital neutron of 
the 167  Er target. In many cases, the bands were found to be almost 
pure two-quasiparticle in nature. The Quasiparticle-Phonon 
Nuclear Model QPNM) of Soloviev and co-workers (Refs. 5,6,7), 
which happened to be the only model for which quantitative 
microscopic predictions of single-nucleon transfer strengths 
could be obtained, was remarkably successful in explaining the 
experimental data. 
The chief aim behind the studies using the (t,p) and (p,t) 
reactions (PUB. I-B) was the characterization of 0 states in 
168Er, although numerous other positive parity states were also 
populated in these reactions. The experiments were conducted 
using the Enge magnetic spectrograph at the McMaster University 
Tandem accelerator. The fourth 0 band, with bandhead at 1833 
key, was identified for the first time. The experimental 
14 
transition strength to the second 0' state was found to be close 
to the prediction of the IBA model, consistent with this state 
being a collective (mainly 0) excitation of the perturbed SU(3) 
scheme put forward in the IBA study (PUB. 1-4). In contrast, it 
was found that the third O state received a relatively large 
population in the (t,p) reaction, indicating the presence of a 
sizeable two-quasiparticle component, outside the framework of 
the IBA model. It was found that several states that had 
multiple-phonon character in the IBA description were strongly 
populated in the (t,p) reaction. Again it was discovered that the 
QPNIVI of Soloviev (Refs. 5,6,7) reproduced the experimental 
results remarkably well. 
Using similar techniques, the (t,) reaction was used to 
study '"Er, in particular to elucidate specific two-quasiparticle 
structures (PUB. 1-9) for the many bands identified in the (n,y) 
studies. These data, when combined with the J,K values of levels 
identified in the (n,y) experiments, provided definite 
microscopic descriptions of those levels with two-proton 
components in which one of the protons is from the 1/2[411] 
Nilsson orbital. The data, taken together with the single-neutron 
transfer data, clearly indicate significant mixing between many 
two-quasiproton and two-quasineutron configurations. It was found 
that the QPNM of Soloviev and co-workers (Refs. 5,6,7) was again 
generally successful in explaining the data. 
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In-the publication' entitled 11168Er: Particle Transfer and 
Symmetry Tests" (PUB. 1-10), an attempt is made to review the 
totality of the experimental results of PUBS. 7,8,9 and their 
relevance to tests of nuclear models, especially the IBA model 
(Ref. 4) and the QPNM of Soloviev and coworkers (Refs. 5,6,7) 
The IBA model was found to be less useful because a large 
fraction of the observed levels occur outside the framework of 
the model with s- and d-bosons only, and moreover the IBA model 
did not provide microscopic wave functions. The populations in 
(t,p) and (t,) reactions of the third K'=0 and second K=2 
states are much too strong to be accounted for by the IBA model 
with s- and d-bosons only. The Soloviev model, however, makes 
quantitative predictions of single-nucleon transfer strengths. 
For the 18 bands below 2.0 MeV excitation, more than 75 (d, p) and 
(t,) spectroscopic strengths extracted from the data compare 
very favourably with the predictions of the Soloviev model, which 
is noteworthy given that the predictions were published before 
the actual measurements were made, and thus no optimization of 
parameters was involved. In conclusion, the Soloviev model is 
more useful for classifying levels and providing insight into the 
detailed structure of 168Er observed in the large body of 
particle-transfer data. 
'This paper, which appeared in the proceedings of an 
international conference, is one of two publications of the 
author cited in this thesis that was not subjected to refereeing 
procedures but is included in the interests of completeness. 
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I - 4. SIGNIFICANCE AND IMPACT OF EXPERIMENTAL RESULTS ON 168Er 
The new knowledge derived from the above investigations of 
the properties of the deformed rare earth nucleus 168Er in terms 
of its levels, the decay branches of these levels, the transition 
multipolarities, the quasi-particle configurations of levels, and 
the grouping of levels into 37 rotational bands, remains 
unparalleled in terms of detail, completeness, and the high level 
of assuredness of unique spin-parity assignments extracted from 
the experimental data. For more than a decade, this level scheme 
has constituted a kind of unique experimental benchmark against 
which many innovative theoretical models of nuclear structure 
have been compared and tested. The results given in PUB. 1-1, for 
example, have not only been cited more than 100 times, but more 
significantly, have stimulated far reaching attempts towards a 
comprehensive theoretical understanding of this deformed rotor. 
Significant among the (often competing) nuclear models applied 
to describe 168Er are the geometrical collective model (Refs. 
3,8,9,10,11), the IBA model (Refs. 4,12,13,14,15,16,17), the 
Shell Model (Ref. 18), and the QPNT4 of the Dubna school of 
Soloviev and co-workers (Refs. 5,6,7,19,20,21,22,23). Indeed, the 
experimental results on "'Er have stimulated one of the long 
standing objectives in nuclear physics, namely finding a 
satisfactory microscopic explanation of nuclear rotational bands. 
Moreover, the 168Er results have served as an excellent, and 
indispensable, starting-off point for further experiments on "'Er 
(Refs. 24,25,26) devoted to lifetime and B(E-X) transition 
probability measurements. 
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We now summarize several significant studies for which the 
present experimemtal results acted as stimuli. The list of 
publications cited below is in no way exhaustive but serves to 
illustrate the broad scope of theoretical studies that the 168  Er 
experiments initiated. 
In a paper entitled "On the spectrum of 168Er" (Ref. 8) 
devoted explicitly to an interpretation of the low lying energy 
spectrum of ' 68 Er in terms of their geometrical collective model, 
Bohr and Mottelson remarked that the measurements (PUB. I-i) on 
the level spectrum represented an important advance in the study 
of multiple excitations of the y-vibrational mode, especially as 
they imply an anharmonicity that is so strong that the potential 
energy surface might have a minimum at y ; e 0. However, as 
founders of the geometrical collective model, they took exception 
to the underlying assumptions of our IBA analysis (PUBS. 1-3 and 
1-4). In this respect, they overlooked the philosophy of our 
analysis, which aimed at a description of this well deformed 
nucleus within a very simple parameterization of the IBA model. 
One of the most exciting aspects contained in the data of PUB. 
I-i, and subsequently borne out in PUB. I-li, was the 
experimental observation for the first time of significant 
anharmonicity in the vibrational spectrum of a deformed nucleus. 
As sequel to the work of Bohr and Mottelson (Ref. 8), a 
macroscopic and microscopic analysis of y-vibrations in 168Er was 
undertaken by Dumitrescu and Hamamoto (Ref. 9) in an attempt to 
understand the observed anharmonicity of the two-phonon states, 
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especially since such an approach can cast light on the interplay 
between 0- and y-vibrations with other degrees of freedom, both 
collective and single-particle. This study underlined the 
necessity of assuming large anharmonic components in both the 
collective potential energy surface and in the "mass" parameters 
in order to account for the experimental observations. Similar 
analyses of anharmonicities in the y-motion were carried out by 
Piepenbring and Jammari (Ref. 10) using the multiphonon method, 
and by Matsuo and co-workers in Japan (Ref. 11) using a self-
consistent collective coordinate method. All these collective 
model studies indicate that 168Er is situated in a transitional 
region between axial and triaxial equilibrium shapes. 
An alternative interpretation of the "'Er levels and 
transition strengths in terms of the IBA model (PUBS. 1-3 and I-
4), where for sake of simplicity and practicality the basis 
states were restricted to s- and d-bosons only, has been 
extensively elaborated by various authors (Refs. 12,13,14,15) 
A common feature among these calculations has been the 
attempt to account for the observed major anharmonicity in the 
-y-vibrational motion (specifically the location of the first 
intrinsic KT=4 and K'=0 states arising from this motion) that 
had defied reproduction in PUBS. 1-3 and 1-4. New boson models 
(Refs. 12,13) were invoked and gave better agreement with 
experiment. Various studies by Chinese (Ref. 14) and Japanese 
groups (Ref. 15) incorporated a g-boson in addition to the s- and 
d-bosons into a self-contained formalism, giving much better 
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agreement between the experimental and calculated positive parity 
states, particularly on the location of the K=3 and K=4 bands. 
Another valuable feature of this "sdg-boson" formalism of the IBA 
model, as outlined in Ref. 15, was its capability of reproducing 
the experimentally determined (t,p) strengths of PUB. 8 in 
addition to the excitation energies and electromagnetic 
transitions. 
The incorporation of the negative parity f-boson into the 
s- and d-boson space allowed the development of an IBA model 
(Ref. 16) which gave predictions about the properties of the 
negative parity octupole bands in 168Er that compared reasonably 
well with those observed in experiment. 
Many of the predictions of the QPNM developed in depth over 
20 years at Dubna by Soloviev and colleagues have direct 
relevance to explaining a wide range (i.e., levels, transition 
strengths, and transfer reaction data) of the experimental 
results on "'Er (Refs. 5,6,7,19,20,21,22,23) . Some of the 
significant predictions to emerge from the QPNM include a shift 
upwards of 1-2 MeV in the two-phonon energies due to the 
inclusion of the Pauli principle, which results in strong 
fragmentation of two-phonon collective states over many nuclear 
levels at excitation energies of 3-4 MeV - leading to the 
conclusion that two-phonon states need not exist in deformed 
nuclei (Ref. 6). Furthermore, the QPNM calculations show that 
non-rotational states with and 4, up to 2.5 
MeV of excitation are made up of predominantly one-phonon 
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components. The features of the hexadecapole states at 1653 key 
(K=3) and 2055 key (Kr=41 are well described in the QPNT4 (Ref. 
21) 
Detailed QPNM calculations on the intensities and reduced 
probabilities of transitions between excited states of 168Er 
published in 1993 (Ref. 23) represent a significant advance and 
complement the earlier Dubna studies that were more slanted 
towards the determination of energy levels and their 
quasiparticle configurations. Citing the results of PUB. 11 
together with recent measurements of lifetimes and transition 
probabilities in 168Er (Refs. 24,25,26), Soloviev and co-workers 
find (among many other noteworthy features) that the dominance 
of the decay from the first K'=0 state at 1217 key to the -y-band 
is reproduced and that the wavefunction of the first Kpi=4 state 
at 2055 keV consists of a 60% hexadecapole one-phonon component 
and a 30% double y-vibrational component. Obviously with 30% of 
the fragmented (Ref. 6) strength, this K=4 state, while not a 
pure two-phonon state, approximates to such, especially in light 
of the pivotal and innovative lifetime measurement of this state 
reported in Ref. 26. 
Finally, to conclude Section I, the author draws attention 
to the role the detailed level structure of 168Er gained from 
these experiments may play in obtaining state of the art low- and 
high-spin data in the same nucleus. The advent of beams of 
accelerated neutron-rich radioactive heavy ions - at facilities 
now under construction and expected to operate later this decade 
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(Ref. 27) - will enable the hitherto impossible study of the 
yrast and near-yrast high spin structure in 168 Er. It will thus 
become possible, for the first time, to connect the low spin 
level structure, as exemplified in the present work, with the 
corresponding high spin level structure, a preview of the quality 
of which can be guessed at from the high spin level scheme of 
160Er, the best studied erbium isotope at high spin (Ref. 28) 
This idea of having overlapping high- and low-spin data in the 
same nucleus constitutes a long time goal among nuclear 
physicists, dating from the beginnings of research with heavy-ion 
beams some 30 years ago, and will give new dimensions to the 
concept of "complete spectroscopy", enabling more stringent tests 
of nuclear models and other nuclear structure questions (Ref. 
29) 
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- SECTION II - 
NUCLEAR STRUCTURE OF HEAVY NUCLEI 
II - 1. 	INTRODUCTION 
This section deals with experimental studies on the 
structure of heavy nuclei carried out while the author was a 
Ph.D. student at the University of Manitoba, Canada (1965-67), 
a research associate at the Kernforschungsanlage JQlich, Federal 
Republic of Germany (1971-74), and a scientific associate and 
staff member at the Institut Laue-Langevin (ILL), Grenoble, 
France (1974-79). The experiments comprised a- and -y-ray 
spectroscopy of isotopes in the actinium chain; studies at the 
isochronous cyclotron at Jülich of nuclear high-spin states via 
in-beam -y-ray spectroscopy of neutron deficient rare earth nuclei 
produced in (a,xn) reactions; and thermal neutron capture studies 
on heavy nuclei ( 168Er is a special case already treated in 
Section I ) using the high-resolution spectrometers installed at 
the High Flux Reactor of the Institut Laue-Langevin. 
A listing of 50 publications (referred to below as PUB. 11-1 
to PUB. 11-50, inclusive) arising from these studies is given in 
chronological orde at the end of this Section. Reprints of 25 
of these publications are included of this thesis. The reprints 
bound into this volume correspond to PUBS. II-x where x is 1, 2, 
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3, 4, 5, 6, 7, 8, 12, 13, 14, 16, 18, 19, 20, 26, 31, 32, 38, 40, 
41, 42, 44, and 50. In what follows, whenever a publication is 
cited and a reprint is included, then specific mention of this 
fact is made. 
II - 2. 	STUDIES OF ACTINIDE RADIOACTIVITY 
A series of four publications (PUBS. Il-i, 11-2, 11-3, and 
11-4, reprints) describe the results of experiments on the 
excited levels and decay modes (a-particle transitions and 
electromagnetic transitions) of the sequence of heavy 
radioelements that make up the (4N ± 3) actinium chain: 227Th, 
223Ra, 219Rn, 215Po, 21113i, 211Po, 207Tl, and terminating at the stable 
isotope 207Pb. 4 
The advent in the mid 1960s of high resolution semiconductor 
spectrometers - Au(Si) surface barrier and Lithium-drifted 
Germanium Ge(Li) spectrometers - gave up to an order of magnitude 
improvement in energy resolution and provided a new impetus to 
improve knowledge of the complex decays of naturally occurring 
radioactive elements beyond lead. Employing radioactive sources 
chemically purified on ion-exchange columns or with electrostatic 
techniques, the author carried out a series of measurements 
involving a-singles, 'y-ray singles, y-ycoincidences, a- -y 
4The four publications PUBS. Il-i, 11-2, 11-3, and 11-4 are 
based on the contents of the author's Ph. D. thesis entitled 
"Nuclear Spectroscopic Studies in the Actinium Series" submitted 
to the University of Manitoba and successfully defended in the 
autumn of 1967. 
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coincidences, and a-y directional correlations. These data were 
supplemented with internal conversion electron data collected at 
the 7r-V'2 iron-free 3-spectrometer at Chalk River Nuclear 
Laboratories. Level diagrams were established on the basis of a - 
decay branches, application of the Ritz combination principle to 
the observed transitions, and the coincidence data. Spin-parity 
assignments for levels were deduced from multipolarities of 
transitions resulting from the measured K-shell and L-subshell 
internal conversion coefficients, and from the directional 
correlation data. The level schemes resulting from these 
experiments constituted a considerable refinement over what had 
hitherto been reported in the literature. Theoretical predictions 
at that time as to what to expect from such experiments were 
however sparse, given that the sequence of odd-A isotopes in the 
actinium chain straddle an intermediate or transition region of 
nuclei where it is difficult to predict how the single particle 
motions interact with the collective motions of the nuclear core. 
II - 3. HIGH-SPIN STATE SPECTROSCOPY IN RARE EARTH NUCLEI 
Seventeen publications in the mid 1970s are devoted to 
extensive experiments on high-spin states in heavy nuclei carried 
out at the isochronous cyclotron of the Kernforschungsanlage 
Jülich (PUBS. 11-5 to 11-21 inclusive) . Investigations of the T-
ray de-excitation following (c,xn) reactions on separated isotope 
targets of rare earth elements enabled the level structure of low 
lying rotational bands (typically the ground state band and/or 
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"yrast" levels) to be extended up in excitation energy and with 
spins up to and beyond 20 h, which was, at that time, very much 
new territory. The a-beam bombarding energies ranged from 90 MeV, 
typical for the (,8n) reaction, down to 45 MeV for the (a,4n) 
reaction. Using high volume Ge(Li) spectrometers in different 
configurations, the experimental program (PUB. 11-6; reprint) 
invariably included measurements recorded event-by-event onto 
magnetic tape, where appropriate, of (1) 'y-ray singles spectra, 
(2) -y--y coincidence spectra, (3) -y-ray angular distributions 
(PUB. 11-14, reprint), (4) -y-ray spectra time-related to the 
cyclotron beam bursts, and (5) excitation functions. The 
technical details are given in PUB. 11-6 (reprint) . A great 
thrust was always made to gather data of high statistical 
significance (close to 100 million events was common; PUB. 11-13; 
reprint), which generally entailed innumerable week-long round-
the-clock runs at the accelerator. 
Important advances in knowledge of nuclear behaviour at high 
angular momenta resulted from these investigations. These 
included many of the early examples of the so-called 
"backbending" phenomenon in the nuclear moment of inertia (PUBS. 
11-5 to 11-8 inclusive; reprints), the underlying mechanisms 
responsible for this phenomenon, decoupled rotational bands in 
odd-A nuclei (PUBS. 11-12, 11-13, 11-16 and 11-20; reprints) and 
the way in which the decoupled single particle in an odd-A 
nucleus provides insight as to which valence particles are 
responsible for the back-bending effect in the adjacent even-A 
nucleus. The nuclei investigated, both odd and even mass, include 
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well developed rotors in isotopes of 15560Dy (PUBS. Il-il; 11-13, 
reprint) , 15566Er (PUBS. 11-6, reprint; 11-10; 11-13, reprint; 
11-15; 11-18, reprint) , 164Yb and 16 8H (PUBS. 11-5 and 11-6; 
reprints) , and ' 81"82 ' 183 ' 1840s (PUBS. 11-8 and 11-20; reprints) as 
well as transitional nuclei such as 1 42 G (PUB. 11-19; reprint), 
140 ' 151 Srn (PUBS. 11-19, reprint; 11-17) 
and 190,191,192,193,194 Hg (PUBS. 
11-12 and 11-16; reprints) 
A significant highlight was the discovery of an anomalous 
and sudden change at higher angular momenta of the nuclear moment 
of inertia towards the rigid rotor value - commonly referred to 
as the "backbending effect" - in 164Yb, 168Hf, 
156  Er, 158Er, 166 Y 
and 1820s. In some cases, in the customary plot of moment of 
inertia versus angular frequency squared, the data showed forward 
and downward bending following the backbend, a totally new 
feature then (PUBS. 11-7 and 11-8; reprints) . In fact, the 
author's group characterised more than half the cases of the 
backbending effect known at that time (1972-3). The backbending 
effect attracted wide attention among theorists who interpreted 
the phenomenon either to the break down of nuclear pairing 
correlations, first predicted by Mottelson and Valatin (Ref. 1), 
or, alternatively, in terms of the decoupling of a pair of 
valence nucleons (Ref. 2) 
5A summary paper on these observations entitled " The 
Backbending Effect in 158 ' 160Er, 164 "66Yb and 168Hf; and Some Remarks 
on its Systematics" by W.F. Davidson et al. was presented at the 
Symposium on High Spin Nuclear States and Related Phenomena in 
Stockholm in 1972; and was published (unrefereed) in Phys. 
Scripta (1972), 6, 251. 
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The experiments on neutron-deficient odd-A and even-A Hg 
isotopes indicated surprising regularities in the y-ray spectra 
observed (PUBS. 11-12 and 11-16; reprints). Similar behaviour was 
observed in the Er and Dy isotopes as well (PUB. 11-13; reprint). 
Experimentally, the rotational bands in 191,193  Hg, both positive 
and negative parity bands, showed striking similarity to those 
observed in the ground state bands of the neighbouring even-A 
isotopes - 111,192,194 Hg. The band structure was interpreted in the 
framework of the rotational-alignment model by Coriolis-
decoupling of the extra i 1312 valence neutron from the core (Ref. 
3). An important contribution was the interpretation of the new 
21/2 band in 191 "93Hg in terms of an i 1312 neutron, aligned only to 
spin state of 11/2 because of the Pauli principle, coupled to the 
= 5 basis state from the even-A core. Similar features were 
observed in the Er and Dy isotopes, where the extra or valence 
particle no longer follows at high spins the rotation of the 
nuclear core - the odd-A nucleus develops a band structure 
mimicking that which prevails in the adjacent even-A nuclei with 
spin sequence j, j + 2, j + 4,... (PUB. 11-13; reprint). In 
summary, these studies of the structure of odd-A nuclei provided 
insight as to which particles determine the backbending effect 
in the adjacent even-A nuclei as well as supporting the 
applicability of the mechanism of Coriolis decoupling of 
particles in high-j orbitals. 
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II - 4. NEUTRON CAPTURE STUDIES IN HEAVY NUCLEI 
In this subsection, the main results of a wide range of 
collaborative (nj() studies on the structure of heavy nuclei, 
carried out in the late 1970s while the author was at the 
Institut Laue-Langevin (ILL), are reviewed. These studies were 
conducted on the high resolution DuMond (GAMS1 and GAMS2/3) 
curved crystal spectrometers (PUB. 11-41; reprint), the beta 
spectrometer BILL (Ref. 4) and the pair formation spectrometer 
(PUB. 11-37), all of which viewed targets located in-pile in 
extremely high neutron fluxes ( > 10 14 neutrons .cm 2 .$) . In some 
cases, accompanying experiments were conducted at other 
laboratories, e.g., ARC measurements at Brookhaven (BNL) 
The experimental program of neutron capture studies can be 
conveniently divided into five categories: 
	
11-4.1 	Odd-neutron actinide nuclei: 227Ra (PUB. 11-39) , 231Th 
(PUB. 11-50; reprint) , 233 Th (PUB. 11-33) , 23 U (PUB. 
II- 23) , 249Cm (PUB. 11-44; reprint), and publication 
on systematics (PUB. 11-31; reprint); 
11-4.2 	Even mass nuclei interpretable in terms of the 
Interacting Boson Approximation (IBA) model: 196Pt (PUB. 
11-29; 11-34; reprint) , 1920s (PUB. 11-26; reprint) 
1940s (PUB. 11-25) , 	172 Y (PUBS. 11-30; 11-46) , and 
174yb (PUBS. 11-30; 11-49) ; 
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11-4.3 	Doubly-odd nuclei: 122 S (PUB. 11-27), 124 S (PUB. 
11-40), 80,82 Br (PUB. 11-24), and 154 E (PUB. 11-48); 
11-4.4 	Odd mass nuclei: 109Pd (PUBS. 11-38 and 11-42; 
reprints) , 	51Nd (PUB. 11-22) , 1930s (PUB. 11-32; 
reprint) , 155Sm (PUB. 11-43) , and 155Eu (PUB. 11-47) ; and 
11-4.5 	Instrumentation and metrology (PUBS. 11-41, reprint; 
11-35 and 11-36) 
11-4.6 	Miscelleneous experiments: Search for 2-phonon states 
in 20 1 P (PUB. 11-45), Intraband transition rates (PUB. 
11-28), and Correlations between (n,y) and (d,p) 
reactions on 144Srn (PUB. 11-37) 
11-4.1 	The neutron capture y-ray spectroscopy facilities at 
the ILL are ideally suited for study of exotic targets such as 
the actinides, which traditionally were difficult to study for 
a combination of reasons: intense radioactivity, low capture 
cross sections, paucity of adequate separated isotope as target, 
or lack of instruments of adequate resolving power. The advent 
of the ILL facilities opened up a new window onto the study of 
actinide nuclear structure in the range 227 < A < 250. 
Measurements were performed on a series of actinides including 
227 R (PUB. 11-39) , 231Th (PUB. 11-50; reprint) , 2 13 T (PUB. 11-33), 
235j (PUB. 11-23), and 249Cm (PUB. 11-44; reprint). Among the 
overriding goals, quite apart from better knowledge of the 
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nuclear level schemes, was the investigation of vibrational modes 
in odd-neutron actinides and how they might arise from coupling 
of single particle motions to vibrational modes of the even-A 
core. 
The ILL data were in some cases supplemented with data from 
Average Resonance Capture (ARC) measurements and (d,p) reactions. 
The information gained from the study of these five odd-A 
actinides led to much improved knowledge about their level 
scheme, transitions, transition multipolarities, and spin-parity 
assignments. Significantly, the experimental data represented the 
first measurement of y-ray transitions depopulating the levels 
of "Cm, and the first in-pile measurement on a 226Ra target. The 
identification of many new vibrational configurations in the 
actinides from these measurements resulted from a combination of 
circumstances. With the high resolution spectrometers it was 
possible to break new ground and pick out from a high level 
density background key transitions connecting vibrational states 
at excitation energies around 1 MeV. The non-selective character 
of the (n,y) reaction is a unique feature that permitted 
identification of vibrations not based on the ground state band 
of odd-neutron nuclei. 
A paper on the systematics of vibrational bands in odd-
neutron actinide nuclei (PUB. 11-31; reprint) summarizes the 
identification in four actinide nuclei of many new vibrational 
configurations and gives a comparison with adjacent doubly-even 
nuclei. These studies contributed to understanding how vibrations 
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couple to single-particle states in odd-A nuclei, giving insights 
into the microscopic structure. Such information is considered 
important since collective excitations in the actinides 
constitute the initial steps towards the fission process. 
11-4.2 	The ability of the curved crystal spectrometers to pick 
out and characterise very weak v-ray branches depopulating high 
lying intrinsic states in nuclei formed in the (n,y) reaction 
turned out to be a very significant advantage when it came to 
searching for and characterising new symmetries in nuclei, such 
as those associated with the then recently developed IBA model. 
Such very weak branches often turned out to be highly significant 
as they possessed the strongest absolute transition rates. 
Several even-even nuclei were studied and interpreted in terms 
of the IBA model: 1920 (PUBS. 11-26; reprint) , ' 940s (PUB. 11-25) 
172 ' 174yb (PUBS. 11-30, 11-46, 11-49) , and 196Pt (PUBS. 11-29; 11-34, 
reprint) 
The results on the level scheme and decay modes of 196Pt 
attracted widespread interest among the theoretical community, 
for the following reasons. Historically, the pure harmonic 
vibrator and quadrupole deformed rotor provided two elegant 
nuclear-structure symmetries, or limiting cases. However, there 
existed a class of nuclei located towards the end of major shells 
for which neither limit was applicable: these nuclei had low lying 
2 bandheads and unidentified excited 0 states. The IBA model, 
at that time under development (Ref. 5), predicted (Ref. 6) a 
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third type of symmetry - the 0(6) symmetry -of which the 
experimental study on 196Pt turned out to be an excellent 
manifestation. The characteristic feature of recurring 0 - 2+ - 
2 pattern of levels with strong cascade 'y-ray transitions within 
the sequence mirrored the 0(6) predictions remarkably well. 
Moreover, in the experiment (PUBS. II- 29, 11-34; reprints), all 
predicted low-spin levels were identified, all low-spin positive 
parity states below the pairing gap could be interpreted in terms 
of the 0(6) limit, all predicted transitions were observed and 
those that were forbidden in the model were either weak or 
unobserved. In short, the author and colleagues reported on 
(PUBS. 11-29, 11-34; reprints) and interpreted, for the first 
time, the strong agreement between the experimental level scheme 
for 196Pt and the 0(6) limit predictions as evidence for a new 
symmetry in nuclei. The subsequent empirical discovery of nuclei 
approximating an 0(6) description in several regions of the 
nuclear chart has shown that it represents the third commonly 
occurring form of collective behaviour in nuclei (Ref. 7) 
Studies of the level schemes of 1920 (PUB. 11-26; reprint) 
and 1940s (PUB. 11-25), produced through two-fold neutron capture, 
provided insights as to how the nuclear shape transition is made 
from 0(6) towards a rotor-like symmetry. The experiment on 1940s, 
which was produced through two-fold neutron capture on a 1920s 
target, provided the first observation of electromagnetic 
transitions and levels in this nucleus. Arguments were advanced 
to interpret these results as evidence that the 1940s nucleus has 
a substantially developed oblate shape (PUB. 11-25) 
ci:] 
	
11-4.3 	Although doubly-odd nuclei are characterised by very 
dense T-ray spectra following neutron capture, it was possible 
to make inroads into characterising five of these nuclei using 
the ILL facilities. The nuclei 122 "24Sb and 154Eu were studied 
collaboratively with Russian, and Latvian, groups, respectively. 
The experimental results and interpretation are summarized in 
four publications: 80 ' 82Br (PUB. 11-24) , 122 S (PUB. 11-27) , 124 Sb 
(PUB. 11-40; reprint), and 154 E (PUB. 11-48) . In the case of 
122Sb, 23 out of the possible total of 26 levels associated with 
the available 2-quasiparticle multiplets were identified as a 
result of this study. Similarly, in the case of 124Sb, the 
available 2-quasiparticle multiplets were identified. Their 
energy splittings by residual interactions were calculatedand, 
when compared with experiment, it was shown good agreement could 
be achieved if configuration mixing was taken into account. 
11-4.4 	Neutron capture measurements were made on the following 
five odd-mass heavy nuclei: "'Pd (PUBS. 11-38, 11-42; reprints), 
151Nd (PUB. 11-22), 155Sm (PUB. 11-43), 155Eu (PUB. 11-47), and 
193Q (PUB. 11-32, reprint) 
The publication on 109Pd reported the first observation of 
an entire set of low-lying low-spin, favoured and unfavoured 
anti-aligned unique parity states, including 3 states which 
corresponded to the core rotation R having a greater value than 
the single particle angular momentum j (PUB. 11-38; reprint) 
39 
Significantly, it was shown that the particle-rotor model 
(Ref. 4), which had had conspicuous success in interpreting high-
spin behaviour in odd-A nuclei (e.g. PUBS 11-13 and 11-16; 
reprints) was unable to reproduce the low-spin anti-aligned 
states observed in the level scheme of 109Pd. 
The 	(n,y) 	study on isiNd 	(PUB. 	11-22), 	previously 
inaccessible through more conventional reaction channels - the 
(d,p) reaction excepted, led to the observation of many new low 
lying excited states which were readily grouped into rotational 
bands and identified with Nilsson neutron configurations expected 
in this energy region where a spherical-deformed phase transition 
exists. The (n,i') study on 1930s also revealed new levels and' Y-
ray transitions, a complete set of 1/2, 3/2 states up to 1700 
key excitation energy, and led to better comprehension of 
fragmentation of Nilsson orbitals in this region of nuclei where 
the equilibrium shape is rapidly changing over a few nuclear mass 
numbers. Similar studies on A=155 nuclei, ' 55Sm (PUB. 11-43) and 
155Eu (PUB. 11-47), both of which occur in the transition region 
between spherical and deformed nuclei, led in both cases to the 
identification of some dozen rotational bands, many of them new, 
whose features could be fairly well understood in models based 
on Coriolis mixing or rotation-vibration interaction models. 
11-4.5 	The author was closely involved in the final stages of 
construction and in the commissioning of the GAMS 2/3 curved 
crystal spectrometers, was responsible for their operation and 
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functioning 1974-79, and defining the experimental program. These 
unique twin instruments had an unprecedentedly large focal length 
of 24 m, were designed to measure y-ray energies up to 1500 keV 
with high resolution and with large dynamic range (factor of 10 5 
between the most intense, and least intense, y-ray line in the 
167Er(n,'y) spectrum (PUBS. I-i and I-li; reprints)) . Details on 
the construction, operation and performance of the curved crystal 
spectrometers are given in a comprehensive paper (PUB. 11-41; 
reprint). Their remarkable sensitivity and precision enabled 
enabled metrology and standards studies to be carried out, among 
them a compendium of fission product 'y-rays from the actinide 
studies (Section 11-4.1) with their intensities and precise 
energies (PUBS. 11-35 and 11-36) 
In this subsection mention is made of other studies carried 
out while at the ILL. An experiment to search for 2-phonon 
octupole vibrational states in the doubly-magic nucleus 211 P was 
carried out (PUB. 11-45) by scanning the high energy conversion 
electron spectrum from thermal neutron capture on a 207 P target 
with the BILL beta spectrometer and measuring the primary -y-ray 
spectrum with the pair spectrometer. The data were analysed and 
evidence presented that identified the 2 4935 key state in 208Pb 
as a 2-phonon octupole vibration, and not as a 1-phonon non-
collective quadrupole state. 
The final topic in Section II concerns measurements on the 
energies and relative intensities of primary y-rays from the 
144Sm(n,'y)'45Sm reaction (PUB. 11-37) with a pair-formation 1-ray 
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spectrometer, where the objective was to examine possible non-
statistical behaviour made manifest through a correlation between 
the strengths of excitation of levels in the (n,y) and (d,p) 
reactions. The results demonstrated that there is indeed a strong 
correlation between the strengths of excitation in the (n,y) and 
(d,p) reactions, but it was not possible to be sure if there was 
one dominant direct capture mechanism. 
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SECTION -II 
LIST OF PUBLICATIONS 
(HEAVY NUCLEI) 
Studies in the Decay of the Active Deposit of Actinium III. Levels in 211 Bi 
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SECTION III 
- MISCELLANEOUS PUBLICATIONS - 
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III - 	 7. STUDIES ON TRITIUM BETA SPECTRUM 
III - 	 8. ANALYTICAL STUDIES USING PHOTON ACTIVATION 
III - 	 9. SUDBURY NEUTRINO OBSERVATORY: CONTRIBUTIONS 
III - 1. INTRODUCTION 
While Sections I and II of this submission deal with 
structure studies of heavy nuclei, Section III brings together 
an assorted collection of 37 publications on nuclear physics 
topics (other than heavy nuclei studies) carried out while the 
author was at the University of Manitoba (PUB. 111-1), the 
Research School of Physical Sciences of the Australian National 
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University - (ANEJ) - (PUBS. 111-2 to 111-20, inclusive) , and, 
since 1979, at the National Research Council of Canada - NRCC - 
(PUBS. 111-21 to 111-37, inclusive). In an early paper (PUB. 111-
1; reprint) , measurements on -spectral shapes in 32P and 121 S are 
reported. The main topics included proton scattering studies on 
light nuclei, (p,ny) reaction studies on light nuclei, and 
radiative capture studies carried out at the Van de Graaff 
accelerators of the ANU. The investigations carried out at the 
NRCC laboratories comprised photonuclear and total absorption 
studies, chemical analysis using photon activation, studies on 
the end point of the tritium beta spectrum, and, latterly, 
several publications related to the Sudbury Neutrino Observatory 
(SNO) project ; including two studies on optical transmittance of 
heavy water and the optical properties of acrylic. - 
III - 2. PROTON SCATTERING STUDIES 
Results of proton elastic and inelastic scattering studies 
on 23Na, and proton elastic scattering studies on 31P and 62Ni, 
carried out at Tandem Van de Graaff energies are summarized in 
four papers (PUBS. 111-2 and 111-5, reprints; 111-4, 111-5) . The 
main goal of these studies was the elucidation of the relative 
contributions of compound nucleus (CN) and direct reaction (DR) 
processes in the energy-averaged differential cross section of 
proton scattering in the energy range 8 to 12 MeV, and further, 
to find out whether there was evidence for processes that have 
a character intermediate between that of DR and CN, referred to 
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as intermediate structure. These studies demonstrated the 
importance of measuring differential cross sections in fine steps 
over a sufficient energy range (from 8.0 to 12.0 MeV in 20 key 
steps at 23 different angles) to obtain a good estimate of the 
average cross section before employing Hauser-Feshbach theory in 
the analysis. Comparisons of experimental differential cross 
sections with the sum of a direct reaction component (DR) 
calculated from Optical Model parameters (Ref. 1) plus a compound 
nucleus (Ref. 2) component (CN) multiplied by a "reduction factor 
R", indicated that after the effects of "intermediate structure" 
were allowed for (evidenced through behaviour of reduction factor 
R), good agreement among the models characterizing these 
processes was achieved. 
III - 3. (p,ny) REACTION STUDIES 
A series of in-beam prompt 'y-ray studies of nuclei in the 
mass range A = 45 to 70, populated by the (p.n) reaction at 
Tandem van de Graaff energies, are summarized in nine 
publications (PUBS. 111-6; 111-7; 111-8, reprint; 111-9; 111-11, 
111-12, 111-13, 111-15, and 111-16) . The (p,n) reaction 
constituted a useful tool to identify low lying levels and their 
deexciting T-ray transitions in the residual nuclei 45Ti (PUB. 
111-13) , 62 CU (PUB. 111-6; 111-8, reprint), "Cu (PUB. 111-7), 66 G 
(PUB. 111-9) and 70Ga (PUB. 111-12). The comparison of 
experimentally determined y-ray angular distributions with 
theoretical distributions calculated with the compound nucleus 
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statistical model (Ref. 3) enabled unique (or in some cases, 
restricted) spin-parity assignments to be made for levels (many 
of them observed for first time) in the residual nucleus in 
question. Judicious use of the proton bombarding energy beyond 
threshold energy for (p,n) reaction ensured selective population 
of levels and thereby help unravel complex radiative decay modes. 
In the case of "Ti, mean lifetimes of levels in the femtosecond 
range were measured using the Doppler Shift Attenuation Method 
(DSAM), (Ref. 4), where proton energies adjusted to just exceed 
the (p,n) threshold advantageously constrained the titanium 
nuclei to recoil forwards at small opening angle, thus making the 
DSAM method applicable. Results of these studies of 1 1 1f-2p" 
shell nuclei were compared with shell model predictions, 
whereever available. 
III - 4. CAPTURE STUDIES WITH LARGE Nal DETECTOR 
Two publications from the ANTi period describe the results 
of 'He radiative capture studies on targets of 11B (PUB. 111-17) 
and 25Mg (PUB. 111-19). These studies, carried out with the then 
recently installed lot , by 10" Nal crystal facility, centred 
around the use of this multi-nucleon capture reaction, hitherto 
relatively unexplored technique mainly because of 
characteristically very small cross sections encountered, to 
excite many-particle, many-hole states in the Giant Resonance 
Region (GDR). Measurements of angular distributions and 
excitation functions were interpreted to obtain information about 
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spins and 3 H reduced widths of excited states. In the case of 
the 2 Mg( 3He,'y) 28Si reaction, the smallness of the observed 
differential cross sections suggested that 3-particle-3-hole 
states play an insignificant role in explaining the phenomenon 
of "intermediate structure" observed above the 28S  GDR in the 
photoneutron channel reported in the literature (Ref. 5), i.e., 
the experiment showed there was a negligible contribution to the 
total photonuclear cross section of 28Si from 3 H emission. 
III - 5. LINAC PHOTONELTTRON STUDIES 
Measurements of photoneutron angular distributions carried 
out at the electron linear accelerator (LINAC) of the NRCC on the 
light nuclei 14C, 15N, 160, 19F, and 32S are described in five 
publications (PUBS. 111-23, reprint; 111-21, reprint; 111-22, 
reprint; 111-25; 111-24), respectively. The total ground state 
photoneutron cross sections and angular distributions were 
obtained from multiangle neutron energy spectra using time- .of-
flight (TOF) techniques (Ref. 6), stepping the bremsstrahlung end 
point over the GDR energy region in 2 MeV intervals. Angular 
distributions and differential cross sections were extracted as 
functions of excitation energy, typically from about 10 to about 
25 MeV. Generally, these photoneutron reactions were interpreted 
in terms of collective absorption together with interaction 
between a single particle state and a hole state in the residual 
nucleus. In the case of the 32S experiment, for example, it was 
shown that coefficients of Legendre polynomials fitted to the 
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angular distribution data gave no indication of photon absorption 
other than through electric dipole transitions, i.e., single 
particle transition is the dominant mechanism for photoabsorption 
followed by neutron decay to the ground state of 32grn 
III - 6. LINAC TOTAL ABSORPTION STUDIES 
As part of a program befitting a national standards 
laboratory such as the NRCC, total cross sections for photon 
absorption on oxygen (PUB. 111-26), aluminium (PUB. 111-28; 
reprint), and uranium (PUB. 111-27; reprint) were measured to a 
precision of better than 0. 5 1  using pulsed 42 MeV brernsstrahlung 
at the NRCC LINAC for energies between 3 and 38 MeV with a novel 
T-ray spectrometer consisting of a liquid deuterium target viewed 
by a photoneutron time-of-flight detector (Ref. 7). The total 
photonuclear cross section of an isotope of an element of charge 
number Z under study was obtained by measuring the total 
absorption cross section (Ref. 8) of the isotope for photons of 
given energy and then subtracting from it the atomic cross 
section of the element. In the case of 27A1 (PUB. 111-28; 
reprint), the author and colleagues showed that the evidence is 
firm for 20% more photon absorption in the GDR of 27A1 than 
predicted by the classical dipole sum rule. In the case of 238U 
(PUB. 111-27; reprint), the measured values of the cross section 
for pair creation on this nucleus were compared with calculated 
Distorted Wave Born Approximation cross sections for pair 
creation, after modification for radiative and screening 
55 
corrections. The agreement obtained here was generally within 1% 
where the residual discrepancy was attributed to not taking 
finite nuclear size effects into account. 
III - 7. STUDIES ON TRITIUM BETA-SPECTRUM 
Two publications describe measurements using a tritium-
implanted Si (Li) spectrometer of the tritium 0-spectrum end-point 
energy, an important parameter having a bearing on the problem 
of the determination of the electron anti-neutrino mass (PUBS. 
111-29 and 111-30; reprints). A satisfactory end-point energy of 
18594 ± 4 ± 25 eV (first figure statistical error; second figure 
systematic uncertainty) was measured, which compares very 
favourably with a more recent precision measurement from Los 
Alamos of 18589.0 ± 2.6 eV (Ref. 9). More importantly, attention 
in these publications was drawn to the vitiating role that 
radiation damage exerts on the extraction of a reliable value for 
such a-spectrum end-point energies. Radiation damage was shown 
to make itself manifest as a pulse height defect and as a 
broadening of the response function. Several simple models of the 
trapping of charge carriers in the implanted Si (Li) detector were 
developed (PUB. 111-30; reprint) to illustrate some of the 
problems encountered in a radiation damage situation, e.g., 
energy calibration established for the implanted region of the 
detector using external 'y-ray sources may not be valid in the 
case of internal f3-rays. 
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III - 8. ANALYTICAL STUDIES USING PHOTON ACTIVATION 
Two publications of more applied interdisciplinary nature 
resulted from instrumental photon activation analysis (IPAA) 
using the LINAC, in part as a contribution to the standard 
reference materials program within the NRCC (PUBS. 111-31 and 
111-32) . It was demonstrated that IPAA of marine sediment and 
lobster hepatopancreas reference materials (PUB. 111-32) led to 
the reliable determination of elemental concentrations (in 
microgram range) of heavy toxic metals (As, Cd, Sb, Pb,...), 
which more conventional analytical techniques often had had 
difficulty addressing. The applicability of IPAA in the 
determination of elemental concentrations in coal - a complex and 
traditionally difficult matrix - is treated in the other 
publication (PUB. 111-31) 
III - 9. SUDBURY NEUTRINO OBSERVATORY: CONTRIBUTIONS 
Three publications deal with some of the author's 
contributions in the project definition phase of the Sudbury 
Neutrino Observatory (SNO), which obtained full funding in 
January 1990 and is currently under construction at the Creighton 
mine of INCO Limited, near Sudbury, Ontario (PUBS. 111-33, 
reprint; 111-35, reprint; 111-36). This facility, when completed 
in 1995, will consist of 1000 tonnes of heavy water (D 20) at the 
core of a water Cerenkov detector, instrumented in 47r geometry 
with 10,000 photomultiplier tubes and situated 2070 m below the 
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earth's surface in an ultra low background environment (Ref. 11) 
The physics goal is to measure the flux of high energy ( 8B) solar 
neutrinos (total flux as well as flux of electron-type 
neutrinos) , and the 8B solar neutrino spectrum (Ref. 10) . Given 
that one is dealing with neutrino events in MeV range of 
energies, nuclear physics expertise proved to be very useful in 
achieving the outlandishly low levels of radioactive backgrounds 
required to obtain robust solar neutrino signals in the SNO 
detector. The author was centrally involved in two optical 
investigations in the NRCC laboratories, whose results were 
published (PUBS. 111-34 and 111-37; reprints) . The first was a 
definitive measurement of the attenuation coefficient a of 
visible and UV radiation in heavy water using a long-path 
transmittance method. The low measured values of a indicated that 
the performance of the SNO detector would not be compromised by 
the attenuation length of light in heavy water. The second paper 
(PUB. 111-37; reprint) reports on extensive studies of the 
absorption, refraction, and scattering properties of UV 
transmitting acrylics over the wavelength range 300-700 nm. The 
results showed significant differences in the optical behaviour 
of the various acrylics in the UV region, pointing to the 
importance of carefully characterizing acrylic from different 
sources prior to selection for use in the heavy water containment 
shell of the SNO detector. 
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Abstract. The levels and y decay in 168Er have been investigated following thermal neutron 
capture on enriched targets of 167Er203. Precision measurements of the y spectrum with 
curved-crystal spectrometers revealed over 700 transitions up to an energy of 2-5 MeV, with 
intensities spanning five orders of magnitude. A list of primary y transitions populating 
levels in 168Er up to an excitation energy of 3 1 MeV resulted from measurements with the 
pair spectrometer. Information on thc y spectrum in the energy region 1400 <E <2600 keV 
was obtained using a Ge(Li) spectrometer. The conversion electron spectrum up to 2.2 MeV 
electron energy was measured with a /3 spectrometer, whence multipolarities of many of the 
transitions were derived. These data were supplemented by y—y coincidences involving the 
feeding of the 112 ns 4 isomer at 1094 keV excitation. Average resonance capture 
measurements at neutron energies of 2 keV and 24 keV were made which ensured that the set 
of spin 2-5 levels below about 2.2 MeV was complete. From all these data, employing the 
Ritz combination principle, a level scheme was developed and the levels were arranged into a 
complete set of 20 low-K rotational bands. This is the most complete and extensive test of the 
limits of applicability of models for low-lying collective excitations. 
NUCLEAR REACTIONS 167Er(n, y) 168Er, E thermal, 2 keV, 24 keV; measured E, 
jy, Ee , I, yy coin. 168Er; deduced levels, radiative decays, transition multipolarities, J' 
values, X(E0) values, completeness. Curved-crystal spectrometers, /3 spectrometer, 
Ge(Li) spectrometers, pair spectrometer, enriched targets, filtered beams. 
1. Introduction 
Few detailed studies have yet been made in heavy deformed nuclei of those states situated 
in the region between the low-lying excitations (e.g., the ground-state band, 8 band, y band, 
etc) and those states in the vicinity of the neutron capture state. In general, the low-lying 
excitations, spanning roughly the first 1500 keY of excitation, have been investigated using 
standard y-ray and reaction spectroscopy and correspond to simple collective modes of 
+ Present address: University of Wisconsin, Madison, Wisconsin 53706, USA. 
' Present address: Los Alamos Scientific Laboratory, Los Alamos, New Mexico 87545, USA. 
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excitation of the constituent nucleons. In contrast, up at the neutron capture state, which is 
typically around 6 to 8 MeV excitation energy, statistical concepts are invoked to describe 
the numerous nuclear degrees of freedom encountered. There exists, consequently, an 
intermediate zone of excitation energy whose lower bound is approximately 1500 keV and 
about which very little is known. Attempts, however, to extend spectroscopic knowledge 
up into this region experimentally have been thwarted by the combined effects of a rapidly 
increasing nuclear level density and a lack of instrumentation of sufficient resolving power 
to unravel the complex spectra observed. This is all the more disappointing since it is 
precisely in this intermediate region of excitation energy that competing theoretical 
descriptions of collective behaviour begin to differ substantially in their treatment of the 
nature and interactions of multi-phonon excitations. For instance, in the Bohr—Mottelson 
description the next group of excitations above the well understood /1 and y bands would 
correspond to the 2/I, 2y and fly 'modes (Bohr and Mottelson 1975) while the same type of 
excitations can be reproduced within the alternate framework of the SU(3) limit of the 
interacting boson approximation model (IBA) (Arima and lachello 1978). 
In this respect a well deformed nucleus far from transitional regions represents an ideal 
choice for a study of such excitations since it should closely approximate the ideal of a 
good symmetric rotor with simple, well defined collective excitations. Such a study, to be 
stringent, must provide a complete identification of broad classes of nuclear excitations and 
should not be restricted by structure-dependent selection rules. The non-selective (n, y) 
reaction provides the appropriate empirical tool. In particular, the combination of curved-
crystal y spectrometers and high incident neutron flux forms a powerful technique for such 
an investigation. Not only can one profit from the remarkable energy resolution of such 
instruments, which is indispensable in view of the complex spectra from the (n, y) reaction, 
but also a large dynamic range in y intensities can be measured. This allows the detection 
of extremely weak low-energy transitions which often connect levels situated high in 
excitation energy and are of crucial importance in grouping sequences of levels into bands. 
In addition, the use of the average resonance capture (ARC) technique provides a unique 
guarantee that all states within a substantial range of spin and excitation energy will be 
identified. 
The nucleus 168Er is an ideal experimental choice for such a study. It satisfies the above 
nuclear structure criteria. Moreover, the low-lying excitations, having been rather well 
studied previously, provide a firm base for the extension of the level scheme into the higher 
regions. In addition, the target 167  Er has the dual advantage of possessing a large thermal 
capture cross section of about 650 b and the advantageously high target spin of • The 
capture state for s-wave capture therefore has possible spins of 3 + and 4. As a result of 
the y-ray cascade process, levels with spins as high as 8, or even 10, can be populated, with 
the important consequence that as many as 4, 5 or 6 members of a rotational band can be 
observed. As the product nucleus 168Er is stable and has itself the small capture cross 
section of 1.95 b, there is no extra complication of the y spectrum from twofold capture or 
radioactive decay. 
Prior to this study the levels of 168Er had been studied using (n, y) spectroscopy (Koch 
1966, Michaelis et a! 1970), (n, e) spectroscopy (Olma and von Egidy 1974), (d, p) 
spectroscopy (Harlan and Sheline 1967), (d, d') spectroscopy (Tjqm and Elbek 1968), 
average resonance neutron capture spectroscopy (Bollinger and Thomas 1970), the 
radioactive decays of 168Tm (Behar eta! 1975) and of 168Ho (Tirsell and Multhauf 1973), 
and electron-induced bremsstrahlung experiments (Metzger and Rasmussen 1973, Metzger 
1976). 
The most comprehensive previous study-was that of Michaelis et a!, who measured the 
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y-ray spectrum above 500 keV using Ge(Li) spectrometers and, by supplementing these 
data with the low-energy y rays from the curved-crystal study of Koch (1966), a level 
scheme comprising eight bands was constructed. However, the level scheme was built 
solely on energy combinations. While this is quite legitimate for the low-energy precise y-
ray energies derived from the study of Koch, for y-ray energies resulting from Ge(Li) 
spectroscopy beyond 500 keY this procedure becomes less reliable. Since no coincidence 
study was done by Michaelis et al, the decay of the higher-lying levels proposed in their 
work must be viewed with caution. Similarly, the decay study of 168Ho by Tirsell and 
Muithauf relied solely on y-ray singles data. The (d, p) study of Harlan and Sheline is of 
limited assistance as they used a target of poor enrichment and, moreover, they did not 
measure any angular distributions. The inelastic deuteron scattering study of Tjøm and 
Elbek indicated the presence of some collective vibrational states in 168Er. While no two-
neutron transfer reactions into 168Er are reported in the literature, some preliminary results 
of a study on the 166Er(t, p) 168Er reaction recently carried Out at Los Alamos have been 
communicated to us (J A Cizewski 1980, private communication). 
The present study is the result of a cooperative effort. At the Institut Laue—Langevin, 
Grenoble, extensive (n, y) and (n, e) measurements were made using the curved-crystal 
and fi spectrometers respectively. The primary (n, y) spectrum was measured there with a 
pair spectrometer. At the Boris Kidrié Institute, coincidence measurements were 
performed on transitions which precede the 112 ns 4 isomer at 1094 keY. At Brookhaven 
National Laboratory 2 keV and 24 keV average resonance capture measurements were 
carried out. Combining these results, it has been possible to place more than 350 
secondary transitions depopulating 79 excited levels. All low-spin negative- (positive-) 
parity levels up to an excitation energy of about 2.2 MeV (about 2.0 MeV) have been 
identified, and without exception classified as members of one of the 20 rotational bands 
established in this study. 
A preliminary report on this work was presented at the Third International Symposium 
on Neutron Capture Gamma-Ray Spectroscopy (Davidson et al 1979). 
2. Experimental procedures 
The nucleus 168Er has been investigated extensively via the (n, y) reaction with several 
different techniques at three research reactors: the Institut Laue—Langevin (ILL) High-
Flux Reactor in Grenoble, France, the Brookhaven National Laboratory (BNL) High-Flux 
Beam Reactor and the research reactor at Vina, Belgrade. The different components of 
this investigation will be discussed separately. 
2.1. The curved-crystal spectrometer measurements at the ILL 
The study of the low-energy y-ray spectrum following neutron capture on 167  Er was carried 
out using the GAMS curved-crystal spectrometers (Koch 1978, Koch et al 1980). These 
spectrometers are installed at opposite ends of a transverse beam tube at the High-Flux 
Reactor and view a common target situated at the middle of this beam tube 55 cm from the 
central axis of the reactor core in a thermal neutron flux of 5•5 x 10  14 neutrons CM-2 s1. 
The target consisted of 109 mg 167Er2 03 (enriched to 91.54%) confined to a thin lamina of 
height 47 mm, depth 5 mm and thickness 0 1 mm. This vertical line source is viewed end-
on by the spectrometers. A well collimated beam of y rays passes along the beam tube out 
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These spectrometers operate in DuMond geometry on the principle of Bragg 
diffraction, using the (110) reflection planes in quartz crystals. At a given angle y rays can 
be diffracted into one of several orders of reflection depending on their energy and are 
detected in a shielded Nal detector. The diffraction angles are measured with laser-based 
Michelson angle interferometry (Koch 1978). Windows placed on the Nal detector outputs 
allow the first five reflection orders to be recorded simultaneously. 
The GAMS1 spectrometer, which is situated at one exit of the beam tube, has a focal 
length of 5.76 m and is best suited for the study of low-energy y rays, typically in the 
energy interval 20< E <500 keY. Corrections for small displacements of the in-pile 
source are performed by means of a second control crystal which monitors the angular 
position of a selected intense line continuously. Variations in its position during the 
measurement are recorded automatically and used in the subsequent analysis to correct the 
apparent angular positions of y rays detected in the main crystal. Portions of the low-
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Figure 1. Part of the 168Er low-energy y-ray spectrum in second, third, fourth and fifth orders 
of reflection taken with the GAMSI curved-crystal spectrometer. The abscissa, denoted as a 
'fringe number', represents a measurement of angular position with respect to the direct 
unreflected y beam. The considerable pile-up and Compton plateau problems associated with 
the presence of the very intense 198.241 and 184.285 keV y-ray peaks vitiate the spectra at 
the same angular position in the other orders. These disturbed regions are represented by the 
small gaps. Similarly, Compton plateau effects due to the 315.383 and 255.929 keY y-ray 
peaks give rise to the spurious peak labelled with a C. 
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Figure 2. A small portion of the third-order GAMSI spectrum (shown in figure 1) at 
E7 - 185 keV displayed on a linear scale. Five y transitions are discernible. Energies and 
intensities per 10 000 captures are marked above each peak, as are the initial and final J, K" 
quantum numbers of the levels connected by the y transition in question. Note that the 
184285 keY y ray is about 10 000 times more intense than its close-lying neighbour at 
185.056 keV, the peak count of the former y ray being about 3 x 10 6 . 
The GAMs2/3 spectrometers have a focal length of 24 m and consist of two crystals 
sharing a common vertical axis and operate as a complementary pair. The incoming 
radiation is diffracted on opposite sides of the axis defined by the undiffracted beam. The 
Bragg angle, determined from the mean of the angles between each crystal and the beam 
direction, is then independent of the exact location of the source. These spectrometers were 
used to measure the energy interval 200 <E < 1800 keV. Representative portions of y 
spectra measured with the GAMS2 spectrometer are displayed in figures 3 and 4. 
Fuller technical details of these instruments, their capabilities, and the associated beam 
tube are presented elsewhere (Börner et a! 1975, Koch eta! 1980). 
Both spectrometer systems are controlled by PDP 11/20 computers. A measurement 
consists of counting for a pre-set time at a given reflection angle, and then rotating the 
crystal in steps to the next measuring point. At the end of each measuring point, the counts 
in the five orders of reflection are written on magnetic tape. Since the step size is inversely 
proportional to the y-ray energy, times taken to scan energy regions of equal size at 
different energies differ substantially. In the present measurement, for example, with a 
counting period of 2 min per point, it took 21 days to scan from 1062 keV down to 
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Figure 3. Portion of the 168 Er );-ray spectrum taken in fifth order of reflection with the GAM 
curved-crystal spectrometer. At the top right of the diagram a corresponding portion of 
Compton-suppressed Ge(Li) y spectrum taken from the literature (Michaelis et a! 1970) 
displayed for the sake of comparison. The advantage of a seven-fold improvement in spectn 
resolution plus the far greater dynamic range in intensities associated with the curved-cryst 
spectrum is readily apparent. Additionally, at the top left of the diagram, part of a moi 
recent OAMS2 spectrum at E 700 keY taken with a thinner 30 mg 167Er203 target 
shown, where close to the ultimate resolution was achieved, the mosaic structure of quail 
being the limiting factor. The FWHM of 175 eV is almost half that attained during ft 
measurements reported here, and again a twelve-fold improvement in resolution over tli 
Ge(Li) data is obtained. 
The resolution defined by the angle subtended by the target at the GAMS1 and GAMS2/ 
spectrometers was 4.8 arc sec and 1.4 arc sec, respectively. For GAMS  this corresponde 
to a spectral resolution of FWHM (key) =85 x 10_6  x E2  (keV)/n, where n is the order c 
reflection. Similarly, for the Gi1s2/3 spectrometer, the spectral resolution was FWH 
(key)= 2.9 x 10-6  x E 2  (keV)/n. Typically, in third order of reflection this implies 
resolution for GAMSI of 120 eV at E  -200 keV and for GAMs2/3 of 640 eV a 
E 800 keV. This frequently leads to energy precisions of a few eV, as can be seen ii 
table 1. 
Certain additional sections of the y spectrum were remeasured at a later date with 
30 mg target of 167Er2 O3 , where a factor of two improvement in resolution was achievec 
Certain specific multiplets, not properly resolved in the initial scan, were thereby resolved. 
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Figure 4. Portion of 168Er y-ray spectrum around E 1277 keY taken in fifth order of 
reflection with the GAMS2 spectrometer. A triplet of medium-intense y lines, which had been 
unresolved and consequently caused difficulties for previous investigators, has been 
completely resolved. The 1279.127, 1277.592 and 1276268 keV transitions depopulate, 
respectively, the 1358, 1541.7 and 1276 keV levels to GSB levels. 
The spectra taken with these spectrometers were analysed using automatic peak-fitting 
programs and the relative energies were calibrated internally by demanding that a line have 
the same energy in all orders of reflection in which it is observed. The y-ray line list given in 
table I was derived in large part from these curved crystal measurements. 
2.2. Conversion electron measurements at the ILL 
The conversion electron spectrum of 168Er was studied with the fl spectrometer BILL, which 
is installed at an inclined beam tube at the high-flux reactor. This facility has been 
described in detail elsewhere (Mampe et all 978). 
The target consisted of 50 mg of Er2 03 powder enriched to 91.54% in "'Er. It was 
obtained by sedimentation onto an aluminium substrate to form a thin layer 30 mm x 
100 mm, the superficial density thus being 16mg cm 2 . The thermal neutron flux at the 
in-pile target site was 3 x 10 neutrons CM-2  s1. 
The electron energy spectrum was recorded twice, firstly over an energy range 
221 <E <3000 keV and then over the range 142 <E < 22 10 keV, in steps of iXBp/Bp= 
1.53 x iO 4 . The period necessary to make these two scans was 16 days, at a counting 
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Table 1. 	Energies and intensities per 10,000 neutron captures of 
low-energyy-ray transitions for the reaction 
' 67 Er(n,Y) 168Er. 
E1(E1 ) keVa 	11(11)a 	 E(E1) keVa 
149.721(5)c 0.90(20) 
73.784(3) 3.9(8) pb 150.083(18) 0.05(2) 
74493(3)C 0.62(18) 150.480(10) 0.09(3) P 
74.626(3) 1.1(3) P 151.617(4)c 0.81(16) 
75.466(7) 0.55(15) P 154.120(6) 0.17(5) 
79.804(1) 1100.(150) P 154.884(2) 2.4(5) (P) 
83.138(2) 2.1(4) P 156.884(4) 0.33(7) P 
84.096(3) 1.1(3) P 159.694(5)C 0.69(14) 
84.630(3) 0.46(14) (P) 163.137(2) 0.74(18) P 
88.392(3) 0.51(14) 164.964(2) 0.58(17) 
90.104(5) 0.22(6) P 165.326(2) 0.62(17) 
90.142(5) 0.61(16) 166.434(1) 1.5(3) P 
92.652(1) 6.7(10) P 167.040(1) 2.9(4) P 
95.499(7) 0.33(8) 167.574(14)C 0.13(5) 
98.982(2) 198.(30) P 169.043(3) 0.31(6) P 
99.289(2) 155.(23) p 171.153(2) 0.73(18) 
100.953(5) 0.24(6) (P) 173.577(1) 7.8(9) P 
102.659(1) 2.3(4) P 177.619(37) 0.12(3) P 
103.228(4) 1.2(3) P 178.189(20) 0.15(3) 
106.524(3) 0.33(9) P 178.829(23) 0.16(4) P 
106.974(3) 0.44(9) P 184.285(1) 3940.(400) P 
110.245(4) 0.44(9) P 185.056(5) 0.37(8) P 
111.068(9) 0.72(13) P 185.797(2) 2.7(5) P 
111.603(9) 0.16(5) 186.644(3) 0.45(9) P 
111.985(13) 0.11(4) (P) 187.013(26) 0.16(4) P 
112.139(1) 4.9(6) P 191.555(10) 0.08(4) P 
118.437(1) 51.(6) P 192.469(15) 0.19(5) (P) 
120.170(8) 0.77(12) P 193.502(7) 0.37(9) 
122.049(2) 1.0(2) P 193.888(1) 3.3(5) P 
122.821(1) 1.9(3) P 194.821(7) 0.15(4) P 
123.174(1) 5.2(6) 194.992(8) 0.12(4) P 
130.675(1) 1.0(2) P 195.836(25) 0.08(3) 
131.566(2) 0.55(12) 196.409(6) 0.33(8) (P) 
131•706(5)d 0.15(4) 198.241(1) 2240.(240) 
134.824(1) 6.6(8) P 201.160(17) 0.09(3) P 
136.552(4) 0.44(11) 202.119(14) 0.12(4) 
137.494(1) 5.9(7) P 204.790(1) 1.9(5) P 
137.974(3) 2.2(4) P 205.710(1) 11.7(17) P 
138.956(8) 0.16(5) (P) 207.808(1)d 4.0(7) 
140.457(8) 0.16(5) P 208.944(30) 0.08(3) 
140.700(10) 0.06(2) 211.601(7) 0.20(5) () 
140.929(6) 0.16(5) P 212.720(2) 1.3(2) P 
141.022(8) 0.11(4) 214.865(17) 0.16(4) P 
142.366(8) 0.29(7) 215.354(27) 0.10(3) P 
146.331(7) 1.0(2) P 217.422(1) 192.(18) P 
146.420(5) 2.0(4) (P) 219.050(2) 5.4(7) P 
146.472(5) 0.44(8) 219.630(26) 0.09(3) 
147.583(10) 0.07(2) 220.268(34) 0.07(3) 
148.395(10) 0.12(4) 221.775(2) 21.3(28) P 
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2.8(4) P 294.390(2) 6.7(9) P 
2.5(4) 295.068(21) 0.15(4) 
0.11(4) 295.384(20) 0.20(5) 
0.14(4) 295.926(20) 0.20(5) 
0.23(6) P 296.309(6) 0.39(8) 
0.23(6) 297.640(3) 0.50(9) P 
0.29(6) 299.418(22) 0.34(7) 
0.18(5) P 303.878(4) 0.99(16) P 
0.20(6) 305.219(5) 0.62(8) P 
2.0(4) P 307.481(5) 0.22(5) (P) 
0.20(6) 308.309(5) 0.60(8) 
0.14(5) P 313.420(14) 0.21(5) 
0.25(6) 315.383(3) 11.8(16) P 
0.43(8) 321315(5)d 0.35(7) 
0.81(17) P 322.910(6) 0.18(5) 
1.2(2) P 324.256(14) 0.52(8) P 
0.41(8) P 330.459(8) 1.33(20) 
0.27(6) P 331.301(8) 0.24(5) 
0.15(4) 333.086(4) 1.26(20) 
3.2(5) 335.589(3) 0.98(18) P 
51.(6) P 336.881(14) 0.49(8) P 
0.76(20) (P) 337.523(11) 0.22(5) 
0.24(5) P 338.547(17) 0.41(8) P 
0.21(5) 340.802(4) 0.55(9) (F) 
0.81(22) 344.954(3) 2.2(4) P 
0.30(6) 345.247(7) 0.95(17) 
0.13(4) P 345.669(7) 0.52(9) (P 
0.27(6) 346.146(24) 0.89(18) (r) 
0.22(7) 346540(5)d 1.4(3) 
1.3(2) 348.523(2) 3.8(5) P 
0.49(8) P 349.229(3) 10.6(18) 
23.9(32) P 349.703(21) 0.64(8) 
0.46(8) P 351.422(14) 0.27(5) P 
0.69(18) 351.970(7) 0.65(10) P 
1.1(2) 352.900(3) 3.4(4) P 
3.8(6) P 354.883(6) 0.29(5) 
0.24(6) P 355.215(8) 0.48(8) 
0.28(6) (P) 360.599(4) 1.4(3) P 
0.42(7) P 361.834(5) 1.3(3) 
0.59(14) 362.547(15) 2.7(4) 
0.73(14) P 363.540(6) 0.36(8) P 
0.21(5) P 365.763(2) 9.4(12) P 
0.64(12) P 367.904(9) 0.46(8) 
0.20(6) 2 369.013(5) 0.90(18) 
1010.(85) P 370.170(6) 6.4(8) P 
11.6(9) P 371.173(3) 16.7(18) P 
0.68(12) 372.537(5) 0.45(9) 
0.62(12) P 374.683(4) 2.5(4) 
0.21(5) (p) 375.128(10) 0.33(8) (P) 
0.16(4) P 378.404(12) 0.74(18) (F) 
0.97(20) 379.545(3) 30.6(32) P 
1.00(20) P 379.954(8) 2.6(4) P 
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380.286(6) 1.9(4) P 469.168(5) 6.7(8) 
380.479(5) 1.3(3) P 470014(19)C 0.29(6) 
381.343(4) 5.5(7) P 470.977(13) 0.43(8) 
382.346(9) 0.81(18) P 471.874(6) 1.0(2) 
383.360(2) 7.2(10) 472.218(12) 0.81(18) 
383.875(3) 8.1(12) 473.536(10) 1.8(3) 
384.510(9) 0.51(11) 474.004(5) 20.1(25) 
387.191(6) 1.3(3) P 474.636(17) 0.49(9) 
389.386(10) 0.17(5) 475.462(18) 0.63(13) 
389.804(4) 0.46(9) P 477.454(10) 0.49(9) 
390.476(8) 0.36(8) 480.129(85) 0.69(14) 
391.671(9) 0.26(6) 480.619(5) 3.50(45) 
392.194(15) 0.42(8) 481.239(3) 3.34(45) 
394.131(12)d 0.13(5) 482.190(20) 0.41(8) 
396.530(3) 52.8(50) P 492.427(3) 6.0(8) 
398.144(7) 0.22(5) 494.480(10) 1.8(3) 
398.829(3) 0.61(12) 496.858(4) 3.67(45) 
401.343(11) 0.25(6) 497.768(6) 19.1(25) 
407.984(6) 0.86(18) 499.233(3) 6.7(8) 
408.457(8) 0.78(18) 499.856(11) 1.2(2) 
409.751(6) 0.41(9) 501.506(10) 3.8(5) 
410.838(10) 0.41(9) 501.783(11) 1.2 
416.352(4) 13.1(15) P 502.822(7) 1.06(15) 
420.478(7) 0.37(9) 504.644(4) 4.1(5) 
422.318(4) 116.(10) P 507.936(3) 3.7(5) 
424.329(4) 0.34(9) P 508.679(5) 2.4(4) 
426.659(30) 1.22(15) 511.504(15) 1.6(3) 
428.295(13) 0.90(20) (p) 511.860(7) 2.5(4) 
428.974(19) 1.1(3) 512.133(24) 2.2(4) 
429.779(5) 20.5(25) P 512.441(2) 13.9(17) 
430.731(20) 0.12(4) P 514.970(2) 8.7(9) 
436.672(5) 1.8(4) 515.303(2) 18.7(22) 
440.340(3) 2.4(5) P 516.683(2) 7.3(9) 
442.753(4) 3.3(6) 518.405(9) 1.3(3) 
444.086(4) 5.5(8) P 520.667(9) 0.81(15) 
444.638(5) 2.6(5) P 521.303(3) 13.6(17) 
445.234(20) 0.92(20) 523.480(18) 0.37(7) 
445.995(4) 9.7(10) P 524.786(11)C 0.61(10) 
446.633(66) 0.29(6) 526.079(7) 1.2(3) 
447.515(3) 223.(20) P 527.884(3) 64.4(60) 
450.048(3) 2.1(4) P 531538(5)d 2.8(4) 
455.096(3) 0.9(2) P 533.202(5) 24.9(28) 
455.899(4) 1.2(3) 534.793(15) 0.78(14) 
457.664(5) 58.9(60) P 535.642(21) 0.46(8) 
458.910(3) 1.7(3) 537.761(59) 0.73(14) 
460.100(15) 0.55(13) 538.683(31) 1.4(3) 
461.739(3) 13.7(14) p 540.971(9) 0.9(2) 
463.485(14) 0.28(6) 542.352(35) 0.6(2) 
464.707(8) 0.37(8) 542.939(6) 8.0(10) 
466.603(12) 0.34(8) 543.667(7) 135.(15) 
467.516(12) 0.21(5) 546.802(5) 22.7(45) 
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547.805(7) 18.4(25) P 650001(47)C 0.35(15) 
552.771(6) 2.6(4) 651.036(8) 1.4(4) 
555.866(17) 0.8(3) P 653.879(63) 0.33(15) 
556.571(4) 24.(4) P 654.790(15) 0.41(8) 
557.079(3) 8.0(10) P 655.392(29) 0.98(18) 
559.510(4) 158.(20) P 658.393(24) 1.7(4) P 
561•975(47)C 0.51(15) 660.854(36) 2.0(4) 
563.187(8) 0.81(20) 661.523(7) 2.4(4) P 
563.894(81) 0.37(15) 666.103(33) 0.8(3) P 
566.425(11) 0.62(18) 669.255(8) 6.1(8) P 
568.821(6) 85.(10) P 669.835(11) 2.1(3) P 
571.428(19) 0.46(15) P 671.589(8) 6.0(8) P 
572.054(7) 1.1(3) 671.961(9) 2.8(5) P 
573•676(16)d 0.45(15) 673.666(4) 38.(7) P 
577.690(9) 0.52(15) P 679.180(5) 30.(6) P 
580.176(4) 39.(5) P 684.654(15) 2.0(4) 
582.567(3) 37.(5) P 685.760(15) 2.8(5) P 
583.472(22) 1.3(3) 687.302(30) 6.8(12) 
585.066(5) 9.8(12) P 688.538(20) 3.5(10) P 
587.253(19) 0.33(15) P 688.789(30) 1.9(6) 
589.913(8) 3.0(5) P 690.494(6) 6.0(12) P 
590.415(12) 1.5(3) P 692.537(42) 1.2(4) 
591.345(5) 3.6(5) P 695•039(37)c 0.9(3) 
593•746(13)d 1.0(2) 696.132(28) 1.9(6) P 
597.327(7) 2.3(4) P 697.658(17) 1.6(5) 
601.603(5) 57.(6) P 699.921(6) 12.2(15) P 













616.827(5) 7.2(13) 712.079(7) 6.9(12) P 
619.990(8) 19.1(26) 713.257(6) 43.6(50) P 
620.590(17) 3.9(5) P 715.163(6) 121.(11) P 
622.059(5) 3.1(4) P 718.574(73) 1.2(5) P 
624.005(5) 2.3(3) 719.170(100) 1.2(6) P 
626.086(7) 3.5(6) 719.550(5) 78.(9) P 
627.104(6) 5.5(9) P 720.392(5) 110.(10) P 
629.270(6) 6.3(12) 721.708(27) 2.8(8) P 
629.678(14) 6.5(12) 724.432(5) 32.8(40) P 
631.703(3) 538.(45) P 729.001(50) 1.7(7) 
638.710(8) 5.5(5) P 730.660(2) 831.(75) P 
639.200(39) 0.38(8) P 733.231(10) 3.4(8) 
640.567(20) 0.19(4) 736.561(59) 1.3(5) P 
640.827(54) 0.16(4) 737.686(3) 82.(9) P 
642.324(18) 0.24(7) P 741.356(3) 491.(45) P 
642.629(20) 0.24(7) P 745.302(10) 6.8(12) 
643.181(8) 11.4(13) P 748.281(4) 86.(9) P 
644.277(5) 21.8(25) P 751.504(34) 0.33(12) (P) 
645.206(26) 0.24(7) P 757.839(30) 1.5(4) P 
645.775(15) 35.(6) P 759.157(10) 1.0(3) 
645.939(11) 24.(4) P 760.968(14) 2.2(7) 
647.344(15) 3.4(6) 762.751(41) 0.9(3) P 
649.087(9) 1.6(4) 768.368(11) 4.9(11) P 
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769.375(42) 2.1(7) 961.875(8) 35.(5) p 
775.378(13) 2.0(7) P 965.937(6) 65.(7) p 
778.717(7) 6.9(14) 969.506(27) 3.3(8) 
779.806(6) 13.9(20) P 973.695(32) 3.8(8) P 
790.001(5) 53.(7) P 974.417(35) 3.7(8) P 
792.178(18) 1.9(7) 976.498(14) 11.0(25) P 
795.045(9) 5.9(13) 979.996(6) 30.(4) 
798.890(7) 160.(15) P 982.644(34) 2.4(7) 
807.298(34) 17.5(20) P 986.403(31) 6.0(11) (P) 
808.910(13) 52.(7) P 986.938(34) 4.4(8) 
811.043(8) 115.(12) P 988.447(20) 4.7(9) 
812.287(11) 69.(8) P 991.388(21) 8.8(14) P 
813.460(50) 5.4(12) 995.368(9) 16.0(22) 
814.768(70) 1.6(5) 997.238(65) 3.1(7) P 
815.990(4) 3000.(240) P 999.827(11) 75.(8) P 
821.164(5) 443.(40) P 1004.111(40) 3.7(8) 
823.386(8) 85.(10) P 1006.912(29) 11.7(25) P 
825.729(7) 60.(8) P 1007.571(59) 7.5(18) P 
829.958(7) 286.(30) P 1009.675(21) 21.2(28) 
832.049(33) 20.(4) P 1012.190(10) 99.(9) P 
832.362(39) 16.(3) P 1014.134(42) 6.4(11) P 
833.294(9) 32.(5) P 1020.327(56) 4.8(10) 
835.14(3) 2.0(8) P 1025.377(11) 70.(8) P 
840.890(8) 28.(5) P 1027.264(40) 1.7(8) P 
843.827(43) 1.3(6) P 1027.891(40) 2.7(11) 
844.614(15) 6.6(7) P 1029.410(46) 4.2(15) 
853.473(6) 518.(45) P 1030.479(40) 4.4(15) 
858.063(23) 3.7(7) P 1034.517(31) 5.1(12) P 
860.039(19) 5.2(9) 1036.459(51) 3.3(10) 
862.355(11) 145.(14) P 1038.317(51) 2.4(10) 
862.985(60) 8.0(20) P 1042.058(53) 3.7(12) 
865.329(23) 6.5(10) P 1043.559(124) 2.4(10) 
867.014(11) 7.5(10) 1045.367(53) 2.9(10) 
877.072(17) 2.8(6) 1050.563(150) 1.6(6) 
884.219(9) 24.9(32) P 1051.860(63) 4.1(18) P 
889.006(10) 5.7(10) P 1054.297(19) 11.0(25) P 
890.616(49) 0.7(3) 1056.751(50) 6.5(15) 
898.315(27) 6.0(10) P 1058.331(44) 3.5(9) 
899.853(50) 2.2(9) 1060.853(23) 7.7(20) 
900.206(15) 6.4(10) 1062.577(25) 11.(3) 
907.927(25) 9.4(14) P 1068.079(13) 44.(7) P 
910.547(31) 4.0(7) P 1074.502(167) 5.5(18) 
912.910(42) 5.3(8) P 1075.640(80) 5.9(18) P 
914.944(6) 503.(45) P 1076.524(23) 19.(3) P 
920.783(34) 14.5(25) P 1085.252(76) 3.9(12) 
925.762(15) 5.1(8) P 1086.616(30) 10.0(17) 
928.935(5) 110.(10) P 1090.823(30) 7.9(20). 
930.476(52) 5.0(8) 1093.67(10) 5.(2) 
932.269(9) 51.(5) P 1094.43(10) 12.(3) p 
938.196(26) 1.5(6) 1100.114(150) 1.7(7,) 
943.937(22) 8.0(12) 1102.805(48) 6.1(17) P 
952.611(15) 7.8(12) P 1105.260(16) 30.5(35) 
955.339(11) 33.(5) P 
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1106.650(48) 7.(2) P 1297.866(34) 37.(7) 
1107.495(19) 36.(7) P 1310.030(8) 123.(11) 
1112.420(65) 9.7(15) 1317.424(56) 5.0(15) 
1116.217(116) 5.0(17) 1323.913(20) 124.(11) 
1136.503(105) 3.2(12) 1328.574(210) 3.7(15) 
1137.360(30) 11.5(20) P 1331.324(15) 112.(11) 
1138.094(70) 3.8(12) 1341.577(140) 11.(3) 
1141.746(110) 6.4(17) 1342.436(70) 24.(5) 
1142.313(78) 9.0(16) P 1351.542(40) 133.(12) 
1144.104(11) 59.(7) 1352.532(130) 21.(7) 
1146.998(9) 74.(9) P 1353.784(100) 43.(9) 
1151.192(39) 6.6(18) P 1358.904(27) 29.(7) 
1153.312(57) 2.4(7) 1366.914(20) 23.(6) 
1155.564(30) 5.5(16) 1368.651(37) 14.(5) 
1159.185(28) 17.(4) 1372.051(33) 20.(5) 
1160.077(20) 14.(3) P 1383.362(84) 5.(2) 
1165.653(98) 5.2(17) 1392.209(13) 98.(10) 
1167.396(15) 130.(13) P 1396.125(58) 11.(4) 
1172.300(73) 4.2(18) 1398.046(55) 12.(4) 
1173.557(20) 47.(6) 1407430(35)e 14.(4) 
1174.557(72) 7.6(20) P 1409.148(39) 13.(4) 
1175.531(66) 7.8(20) 1413.317(23) 38.(8) 
1176.424(49) 10.0(17) 1417.053(25) 15.(4) 
1180.868(24) 13.0(20) 1422.582(76) 4.(2) 
1185.480(18) 16.4(35) 1426.53(11) 4.(1) 
1196.513(20) 52.(7) P 1432.64(7) 8.(3) 
1199.610(37) 7.8(20) 1433.74(7) 15.(4) 
1201.757(21) 26.(4) P 143832(13) 3(1) 
1212.045(20) 32.(5) P 1439.98(6) 11.(3) 
1218.137(23) 14.(3) 1441.41(7) 11.(3) 
1219.770(51) 7.(3) 1442.80(14) 7.(3) 
1222.687(29) 8.(3) 1444.06(14) 7.(3) 
1229.080(15) 41.(6) P 1445.26(8) 4.(2) 
1234.760(23) 30.(5) P 1446.00(7) 4.(2) 
1242.899(21) 19.(4) 1447.50(11) 7.(3) 
1246.773(35) 11.(3) 1449.26(12) 7.(3) 
1259.270(50) 12.(3) P 1452.50(11) 7.(3) 
1260.090(50) 25.(5) 1456.15(12) 7.(3) 
1267.71(10) 10.(3) 1458.34(15) 7.(3) 
1268.91(3) 8.(3) 1461.13(8) 8.(2) 
1271.129(35) 42.(6) 1466.40(15) 4.(1) 
1273.738(90) 15.(7) P 1470.40(17) 5.(2) 
1274.533(120) 19.(7) 1472.81(11) 9.(2) 
1275.316(85) 18.(7) 1481.71(13) 10.(2) 
1276.268(27) 52.(7) P 1484.46(8) 17.(4) 
1277.592(20) 157.(18) P 1486.78(8) 15.(4) 
1279.127(26) 69.(9) P 1489.47(14) 5.(2) 
1281.034(68) 10.(3) 1491.17(12) 6.(2) 
1282.51(5) 7.(3) 1493.09(8) 10.(2) 
1284.08(8) 7.(3) 1496.34(13) 5.(2) 
129.2.657(42) 26.(6) 1497.94(22) 5.(2) 
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18.(4) 1780.51(8) 19.(5) 
1506•49(12)f 1786.20(8) 17.(3) 
1507 • 50(18)f 22.(5) 1790.42(12) 8.(2) 
1515.98(6) 51.(7) 1792.33(14) 5.(2) 
1524.18(13) 14.(3) 1811.29(14) 5.(2) 
1534.28(11) 21.(3) 1813.29(5) 27.(5) 
1541.67(25) 11.(3) 1816.34(6) 22.(5) 
1547.75(35) 5.(2) 1833.43(10)9 38.(8) 
1552.55(25) 6.(2) 1834.05(9)9 40.(8) 
1556.84(15) 27.(4) 1835.68(5) 58.(8) 
1560.16(8) 22.(4) P 1844.75(7) 24.(4) 
1561.36(12) 11.(4) 1848.31(7) 24.(5) 
1563.85(9) 15.(3) (P) 1850.46(10) 22.(5) 
1569.30(11) 9.(2) 1854.5(4) 4.(2) 
1572.41(15) 4.(1) 1856.8(4) 3.(1) 
1575.11(17) 5.(2) P 1861.34(8)f 13.(3) 
1576.58(8) 6.(2) P 1862.43(8)f 
1580.72(8) 38.(4) P 1865.10(10) 40.(7) 
1585.89(24) 5.(2) 1873.12(13) 4.(2) 
1589.54(15) 9.(2) 1875.69(12) 4.(2) 
1599.22(16) 7.(2) (p) 1881.35(16) 3.(1) 
1604.09(18) 5.(2) 1883.38(12) 3.(1) 
1609.90(18) 8.(2) 1885.71(9) 11.(2) 
1617.79(12) 11.(2) 1890.43(15) 7.(2) 
1624.23(17) 5.(2) 1892.63(9) 30.(5) 
1636.60(14) 14.(3) P 1896.82(12) 4.(2) 
1638.91(19) 8.(2) P 1898.36(14) 4.(2) 
1644.51(6) 13.(2) 1900.92(12) 4.(2) 
1649.77(6) 50.(6) P 1914.97(8) 40.(7) 
1651.49(7) 7.(2) P 1921.11(10)9 28.(5) 
1656.84(9) 8.(2) (P) 1922.64(9)9 27.(5) 
1658.76(9) 7.(2) 1924.36(13) 22.(4) 
1663.21(10) 5.(2) 1928.21(12) 16.(3) 
1665.74(8) 8.(2) 1930.49(12) 17.(3) 
1672.84(9) 19.(3) 1933.39(20) 10.(4) 
1675.49(6) 20.(3) 1936.40(13) 30.(4) 
1683.28(8) 9.(2) 1938.69(18) 10.(3) 
1697.86(7) 12.(2) 1942.69(8) 64.(9) 
1706.37(8) 26.(4) P 1970.09(10) 12.(2) 
1717.47(15) 6.(2) 1979.36(9) 23.(4) 
1730.89(7) 18.(3) P 2029.78(18) 7.(2) 
1732.76(16) 10.(2) 2034.75(16) 11.(3) 
1738.34(6) 38.(5) P 2047.03(10) 47.(8) 
1745.58(18) 7.(2) 2056.84(13) 10.(3) 
1750.21(8) 29.(4) 2068.11(28) 10.(3) 
1753.73(11) 11.(2) 2071.12(17) 10.(3) 
1758.47(8) 18.(3) P 2094.88(12) 22.(4) 
1762.19(18) 13.(2) 2124.76(18) 6.(2) 
1764.72(14) 10.(3) 2133.86(16) 9.(2) 
1766.99(5) 42.(5) 2136.98(16) 6.(2) 
1768.49(7) 22.(3) P 2143.00(18) 5.(2) 
1778.95(14) 20.(6) 2159.11(13) 22.(4) 
(P) 
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2163.45(12) 24.(4) 2319.84(18) 10.(2) 
2170.47(12) 15.(3) 2.345.31(25) 10.(2) 
2203.68(15) 12.(3) 2347.36(25) 10.(2) 
2208.09(21) 9.(2) 2361.38(23) 4.(2) 
2210.79(13) 11.(2) 2364.97(23) 9.(2) 
2220.70(21) 12.(3) 2381.82(26) 5.(2) 
2226.43(14) 10.(2) 2393.06(30) 5.(2) 
2235.05(17) 13.(3) 2397.81(30) 12.(3) 
2543.01(21) 6.(2) 2404.38(30) 11.(3) 
2256.73(16) 9.(2) 2410.67(30) 10.(3) 
2269.97(13) 20.(3) 2414.17(30) 5.(2) 
2274.29(18) 4.(2) 2420.19(30) 11.(3) 
2297.24(16) 16.(4) 2424.81(30) 10.(3) 
2300.36(17) 19.(4) 2451.70(33) 7.(2) 
2303•06(20)f 2458.84(30) 9.(2) 
2304.86(16)f 12.(3) 2467.83(33) 7.(2) 
2312.33(18) 17.(3) 2520.70(40) 20.(4) 
2314.14(25) 7.(2) 2523.21(35) 22.(4) 
a Energy and intensity errors on the last digit(s) are given in 
parentheses. 
b 	In this column P signifies placement in the level scheme. The 
significance of transitions marked (P) is explained in footnote 
c of Table 6. 
• 	 . 	 - 	 .. 	 1R_ 	 1O 	 - Contaminant peaks rrom tne rI.n,Y)"11r reaction 
(Mulligan et al 1970). 
d 	Contaminant peaks from the 166Er(n,Y) 16 Er reaction (Koch 
1965). 
e Above this energy determination derives from Ge(Li) and 
conversion electron measurements. 
Unresolved doublet. Composite I-ray intensity quoted. 
Unresolved doublet. I-ray intensity inferred from electron 
spectrum and known multipolarity of one member. 
by target thickness effects. At 900 keV electron energy the momentum resolution was 
0.067% whereas it was 0.050% at 1800 keV electron energy. Portions of electron spectra 
are displayed in figures 5 and 6. 
Another measurement was made on the low-energy portion of the electron spectrum in 
the energy range 22.6 <Ee <160 keV using a much thinner 167  Er target, of superficial 
density 80 tg cm 2 , in order to minimise peak-tailing effects resulting from electron 
energy degradation in the target. The momentum resolution was ABp/Bp=0-05% and 
again the counting time was 43 s per point. In a separate experiment (Schreckenbach and 
Gelletly 1980) particular attention was given to measuring the L-subshell conversion 
electron ratios of three stop-over transitions within the 168Er y band by multiply sweeping 
across the appropriate energy regions and summing the results, the total scan time per 













Electron energy (key) 








Electron momentum (0 cm) 
Figure 5. Portion of 168Er conversion electron spectrum taken with the/i spectrometer in the energy interval 860 <E <960 keV. Peaks 
are labelled with a K, L or M (corresponding to the atomic shell in which the transition is internally converted) and the appropriate 
transition energy. The contaminant peak at 877 keV electron energy arises from external conversion associated with the zirconium liner 
of the beam tube. FWHM, tsp/p, =0.067%. 
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Figure 6. Portion of 168Er conversion electron spectrum in the energy interval 
1745 <E < 1800 keV. The same notation is used as in figure 5. Due to the FWHM resolution 
of 10 keV it was possible to resolve a triplet at a transition energy of about 1834 keY. 
Two other regions of the electron spectrum were repeatedly scanned, namely 
60<E<64•5keV and 476<E<52•OkeV for total periods of 229s and 269s per 
point, respectively. These intervals, respectively, contain the L-subshell conversion lines of 
anticipated 2'-+0' transitions which depopulate 2 states at 1276.269 keY and 
1493-131 keY. 
The spectra were analysed with a standard peak shape consisting of a Gaussian of 
variable width with an exponential tail whose height, shape and length could be varied. The 
intensities were calibrated by normalising the measured intensities such that the average 
value of the ratio of theoretical and measured K conversion coefficients for the 
821•164keV (E2), the 217•422keV (E2) and the 99.289 keY (El) transitions was unity. 
Theoretical internal conversion coefficients, for the purposes of the present study, were 
taken from the tables of Hager and Seltzer (1968) for transition energies below 1500 keV, 
and from the tables of Trusov (1972) for energies greater than 1500 keV. Electron energies 
were calibrated from accurately known energies of ten intense '68Er transitions obtained 
from the present curved-crystal data. The results of the (n, e) study are summarised in 
table 2. It should be borne in mind that, because of spectral complexity, meaningful 
conversion coefficients could not be extracted in certain limited regions. 






With a view to defining levels in the final nucleus 168Er, a primary capture y-ray spectrum 
was measured using the pair-formation y spectrometer installed at the ILL reactor (Heck 
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Table 2. 	Results of conversion electron measurements following the 
167Er(n,e) 168Er reaction for thermal neutrons. 
Transition Energy a 	Electron Conversion 	 Deduced b 
(keV) 	 Data Results 	 Nultipolarity 
59.065 L1/L2 < 	0.14 E2 
L1/L3 < 	0.14 
73.784 L1/L3 = 	16.(5) Ml + 1.3% E2 
74.626 L1/L3 = 	0.20(2) E2 + 33% Ml 
79.804 L1/1.3 = 	0.0859(6) E2 
L2/L3 = 	0.963(3) 
83.138 OK = 	1.8(3) E2 
88.392 aK = 	2.3(4) Ml + E2 
90.142 aK = 	2.6(6) Ml 
92.652 aK = 	2.8(3) Ml 
L1/L2 = 	6(3) 
98.982 aK = 	1.00(8) E2 
cL3 = 	0.67(7) 
99.289 OK = 	030(5) El 
= 	0.0090(15) 
102.659 L1/L2 = 	0.4(1) Ml + E2 
L1/L3 = 	1.9(6) 
111.068 OK = 	1.5(4) Ni 
112.139 OK = 	2.0(3) Ml + E2 
cL2 = 	0.18(9) 
118.437 = 	0.25(2) E2 
L1/L3 = 	0.23(2) 
1221821 L1/L3 = 	0.57(4) E2 + 29% Ml 
L1/L2 = 	0.51(10) 
123.174 Li/L2 = 	5.8(4) Ml + E2 
L1/L3 = 	11.7(1.4) 
130.675 cL1 = 	0.30(15) Ml 
137.494 L1/L2 = 	0.5(2) E2 
L1/L3 = 	0.5(2) 
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137.974 cLL2 = 	0.15(5) E2 
aL.3 = 	0.15(5) 
146.331 Ll/L2 = 	0.64(10) E2 + 22% Ml 
L1/L3 = 	0.70(10) 
146.420 L1/L2 > 15 Ml 
154.884 aK = 	0.36(12) E2 
167.040 aK = 	0.52(15) Ml 
173.577 aK = 	0.28(5) E2 
184.285 L1/L3 = 	0.667(5) E2 
L2/L3 = 	1.272(8) 
aK = 	0.2(1) E2 185.797 
198.241 
= 	0.046(6) El 
205.710 a K = 	0.18(4) E2 
= 	0.43(7) E3 
212.720 OK = 	0.24(5) Ml 
217.422 Cqr, = 	0.16(4) E2 
221.775 L1/L2 = 	0.74(7) E2 
L1/.L3 = 	0.80(8) 
255.436 aL, = 	0.25(3) Ml 
255.929 L1/L2 = 	0.93(10) E2 
L1/L3 = 	1.91(40) 
269.161 L1/L2 = 	1.01(8) E2 
L1/L3 = 	1.90(20) 
272.876 aL 1 = 	0.13(3) 
aL2 = 	0.019(5) 
aL3 0.02(1) 
284.655 aK = 	0.059(5) E2 
aL, = 	0.0069(7) 
= 	0.0064(6) 
cxL3 = 	0.0043(5) 
286.509 a K = 	0.138(14) Ml 
aLl = 	0.021(3) 
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293.523 a  = 	0.077(15) Ml + E2 
294.390 aK = 	0.056(5) E2 
aL1 = 	0.0048(10) 
315.383 a K = 	0.040(6) E2 
aLl = 	0.0065(15) 
= 	0.0063(15) 
344•954 aK = 	0.044(7) Ml + E2 
348.523 aK = 	0.034(4) E2 
349.229 aK = 	0.0075(10) El 
351.970 aK = 	0.085(15) Ml 
352.900 aK = 	0.055(7) Ml + E2 
aL1 = 	0.009(3) 
360.599 aK = 	0.043(14) E2 
361.834 aK = 	0.075(18) Ml 
362.547 aK = 	0.011(5) El 
365.763 aK = 	0.057(8) Ml 
aL1 = 	0.010(2) 
369.013 aX = 	0.034(12) E2 
370.170 a  = 	0.061(8) Ml 
aL1 = 	0.006(2) 
371.173 aX = 	0.060(7) Ml 
aLl = 	0.010(2) 
379.545 aX = 	0.0255(20) E2 
(tL1 = 	0.004(1) 
379.954 aX = 	0.075(15) Ml 
381.343 a[( 0.064(15) Ml 
382.346 aX = 	0.059(15) Ml 
383.360 a  = 	0.006(2) El 
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383.875 a  = 	0.060(7) Ml 
aLl = 	0.010(2) 
396.530 aK = 	0.051(4) Ml 
= 	0.009(2) 
416.352 a K = 	0.028(4) Ml + E2 
422.318 a K = 	0.0430(3) Ml 
= 	0.0063(8) 
ctL2 = 	0.0006(3) 
429.779 a K = 	0.0427(30) Ml 
436.672 a  = 	0.054(15) Ml 
440.340 a K = 	0.06(2) Ml 
447.515 a K = 	0.036(3) Ml 
ctLl = 	0.006(1) 
= 	0.0006(2) 
450.048 a K = 	0.047(10) Ml 
457.664 a  = 	0.036(3) Ml 
aLl = 	0.0053(6) 
458.910 CX K = 	0.048(12) Ml 
461.739 K = 	0.034(4) Ml 
469.168 a K = 	0.015(6) E2 
474.004 a K = 	0.036(3) Ml 
= 	0.0043(4) 
481.239 aK = 	0.034(4) Ml 
497.768 aK = 	0.0055(8) El 
cL1 = 	0.0009(3) 
499.233 aK = 	0.022(5) Ml + E2 
504.644 aK =0.033(5) Ml 
515.303 a K = 	0.011(3) E2 
521.303 aK = 	0.019(4) Ml + E2 
527.884 a K = 	0.0044(6) El 
533.202 aK = 	0.026(3) Ml 
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538.683 aK = 	0.0092(20) E2 
542.939 a  = 	0.029(4) Ml 
543.667 aK = 	0.0044(6) El 
aL l = 	0.0008(3) 
546802d 
aK = 	0.0037(6) El 
546•960d 
aK = 	0.0039 El 
547.805 aK = 	0.020(3) Ml 
aL1 = 	0.0023(5) 
556.571 aK = 	0.006(2) El 
559.510 aK = 	0.0045(4) El 
aL1 = 	0.0005(1) 
568.821 aK = 	0.010(1) E2 
aL1 = 	0.0016(3) 
aL2 = 	0.0004(1) 
580.176 aK = 	0.020(3) Ml 
582.567 CK = 	0.0039(4) El 
585.066 K = 	0.020(2) Ml 
CLJ = 	0.005(1) 
589.913 OK = 	0.012(3) E2 
591.345 a  = 	0.025(6) Ml 
601.603 OIFI = 	0.0027(4) El 
OLI = 	0.0005(1) 
613.951 a = 	0.018(2) Ml 
OLJ = 	0.0032(6) 
615.154 aK = 	0.026(7) Ml 
616.827 aK = 	0.021(4) Ml 
619.990 a. = 	0.0157(20) Ml 
aLl 
= 	0.0024(4) 
622.059 a. = 	0.011(3) E2 
626.086 K = 	0.024(4) Ml 
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631.703 a K = 	0.0075(5) E2 
aL1 = 	0.0011(2) 
ctL2 = 	0.00032(6) 
L3 = 	0.00013(3) 
643.181 aK = 	0.0024(4) El 
644.277 aK = 	0.0025(5) El 
645•775d a  = 	0.0023(5) El 
K 0.00276 El 
647.344 a = 	0.0096(30) E2 
651.036 a  = 	0.015(5) Ml 
660.854 a = 	0.012(4) Ml 
661.523 a K = 	0.013(4) Ml 
669.255 a  = 	0.015(3) Ml 
671.589 a  = 	0.017(3) Ml 
673.666 a  = 	0.0025(3) El 
679.180 a  = 	0.010(3) Ml, E2 
690.494 K = 	0.014(3) Ml 
699.921 K = 	0.012(2) Ml 
702.5761 a 
K = 	0.0028(6) El 
K a 	0.00223 El 
712.079 aK = 	0.016(2) Ml 
713.257 K = 	0.0030(7) El 
715.163 a  = 	0.0065(15) E2 
719.550 a K = 	0.0026(4) El 
720.392 a  = 	0.0024(4) El 
724.432 aK = 	0.0025(7) El 
730.660 aK = 	0.0053(3) E2 
aL 1 = 	0.00078(9) 
= 	0.00018(3) 
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733.231 a K = 	0.020(5) Ml 
737.686 a  = 	0.0022(4) El 
741.356 qK = 	0.00502(30) E2 
aj 1 = 	0.00069(9) 
aL 2 = 	0.00007(2) 
745.302 aK = 	0.0053(5) E2 
748.281 aK = 	0.0023(3) El 
aLl = 	0.0005(2) 
757.839 aK = 	0.0083(20) Ml 
790.001 aK = 	0.0099(9) Ml. 
aL l = 	0.0011(2) 
795.045 a  = 	0.0043(7) E2 
798.890 'K = 	0.0087(7) Ml 
807.298 aK = 	0.0105(20) Ml 
aLl = 	0.0015(3) 
808.910 a K = 	0.0100(20) Ml 
aLl 
= 	0.0015(3) 
811.043 a K = 	0.0091(25) Ml 
aL1 = 	0.0012(4) 
815.990 aK = 	0.00414(15) E2 
aLl 
= 	0.00058(3) 
aL2 = 	0.000092(8) 
ctL3 = 	0.000053(5) 
821.164 QL K = 	0.00425(25) E2 
= 	0.00061(8) 
aL2 = 	0.00011(2) 
823.386 (XK = 	0.00165(30) El 
825.729 a K = 	0.0016(3) El 
829.958 a = 	0.00155(30) El 
aLl = 	0.00026(6) 
833.294 aK 0.0014(3) El 
840.890 aK = 	0.0036(6) E2 
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844.614 aK = 	0.009(2) Ml 
853.473 aK = 	0.00404(25) E2 
cL1 = 	0.00056(6) 
L2 = 	0.00009(2) 
cL3 = 	0.00007(2) 
862.355 aLl = 	0.0004(1) E2 
867.014 aX = 	0.0044(7) E2 
884.219 a  = 	0.0050(7) Ml + E2 
889.006 K = 	0.012(3) Ml 
898.315 K = 	0.0066(9) Ml 
900.108 a K = 	0.0031(8) E2 
907.927 a  = 	0.0080(12) Ml 
914.944 K = 	0.0033(3) E2 
aL1 = 	0.00045(3) 
aL2 = 	0.000076(12) 
= 	0.00005(2) 
920.783 aK = 	0.0031(4) E2 
925.762 = 	0.0076(10) Ml 
928.935 K = 	0.0014(2) El 
aLl 
= 	0.00018(3) 
932.269 a  = 	0.0015(5) El 
943.937 a K = 	0.0070(6) Ml 
952.611 a  = 	0.0048(10) Ml + E2 
955.339 a K = 	0.0055(7) Ml 
aLl = 	0.0007(1) 
961.875 aK = 	0.0014(3) El 
965.937 aK = 	0.0053(10) Ml 
976.498 a = 	0.0015(4) El 
979.996 aX = 	0.0010(3) El 
991.388 a = 	0.0032(5) E2 
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995.368 aK = 	0.0031(5) E2 
999.827 aK = 	0.0027(2) E2 
aLl = 	0.0003(1) 
1006.912 aK = 	0.0016(4) El 
1007.571 a K = 	0.0055(7) Ml 
1009.675 aK = 	0.0027(5) E2 
1012.190 a K = 	0.0027(3) E2 
aLl = 	0.0004(1) 
1014.134 aK = 	0.011(2) M2 
1025.377 aK = 	0.0010(2) El 
1029.410 a  = 	0.0045(9) Ml 
1030.479 aK = 	0.0055(9) Ml 
1034.517 a K = 	0.0023(4) E2 
1054.297 aK = 	0.0035(5) Ml + E2 
1056.751 a  = 	0.0028(6) E2 
1062.577 aK = 	0.0037(7) Ml +E2 
1068.079 OLK = 	0.0041(7) Ml 
1076.524 aK = 	0.0008(3) El 
1090.823 aK = 	0.0025(7) E2 
1094.43 a K = 	0.0016(3) E1,E2 
1105.260 aK = 	0.0011(2) El 
1107.495 a K = 	0.0019(3) E2 
1112.420 a K = 	0.0030(5) Ml + E2 
1116.217 OL K = 	0.0038(7) Ml 
1137.360 aK = 	0.0026(5) E2 
1144.104 a K = 	0.00085(20) El 
1146.998 U K = 	0.0047(8) Ml 
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1155.564 OL K = 	0.0053(9) Ml 
1159.185 aK = 	0.0017(3) E2 
1160.077 a  = 	0.0023(4) E2 
1165.653 a  = 	0.0043(6) Ml 
1167.396 a  = 	0.00090(10) El 
aLl = 	0.00009(2) 
1172.300 a  = 	0.0036(7) Ml 
1173.557 a  = 	0.0009(2) El 
1174.557 aK = 	0.0024(4) E2 
1176.424 OK = 	0.0039(5) Ml 
1180.868 = 	0.0008(3) El 
1185.480 CK = 	0.0009(3) El 
1196.513 OK = 	0.0038(4) Ml 
CiLl = 	0.00045(8) 
1199.610 CK = 	0.0024(5) E2 
1201.757 ak O.00i-1(3) El 
1212.045 aK = 	0.00085(15) El 
1218.137 a  = 	0.0011(3) El 
1229.080 K = 	0.0019(4) E2 
1234.760. a K = 	0.0019(4) E2 
1242.899 a  = 	0.0022(4) E2 
1259.270 aK = 	0.0015(3) E2 
1260.090 a  = 	0.0011(2) El 
1271.129 a 	- = 	0.0026(4) Ml 
1273.738 aK = 	0.0017(3) E2 
1275.316 aK = 	0.0022(4) E2 
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1276.268 UK = 	0.0016(3) E2 
1277.592 U = 	0.0008(1) El 
1279.127 U = 	0.0007(2) El 
1281.034 UK = 	0.0033(5) Ml 
1294.223 UK = 	0.0004(1) El 
1310.030 UK = 	0.0007(1) El 
UL1 = 	0.00009(1) 
1323.913 UK = 	0.0009(2) El 
1331.324 OL K = 	0.0016(2) E2 
UL1 	' = 	0.00022(3) 
1342.436 UK = 	0.0020(5) E2 
1351.542 
U = 	0.0008(2) El 
1352.532 UK = 	0.0020(3) E2 
1353.784 a = 	0.0019(3) E2 
1392.209 
U = 	0.0026(3) Mi 
1413.317 UK = 	0.0024(3) Ml 
1417.053 UK = 	0.0022(4) Ml 
1432.64 U = 	0.0017(4) E2 
1433.74 a = 	0.0013(4) E2 
1439.98 U = 	0.0031(9) Ml 
1441.41 UK = 	0.0029(9) Ml 
1484.46 UK = 	0.0007(3) El 
1486.78 U = 	0.0007(3) El 
1491.17 U = 	0.0010(2) El, E2 
1493.09 U = 	0.0014(3) E2 
1515.98 U = 	0.00051(7) El 
1524.18 UK = 	0.00044(8) El 
1534.28 a = 	0.00051(8) El 
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1541.67 = 	0.0006(2) El UK 
1556.84 UK = 	0.00035(10) El 
1569.30 UK = 	0.0009(2) E1,E2 
1576.58 = 	0.0012(3) E2 UK 
1580.72 = 	0.00047(7) El UK 
1617.79 UK = 	0.0008(2) E1,E2 
1636.60 = 	0.0005(2) El UK 
1644.51 = 	0.0013(3) E2 UK 
1649.77 UK = 	0.00045(7) El 
1651.49 = 	0.0023(5) Ml UK 
1672.84 = 	0.0006(2) El UK 
1675.49 U = 	0.0009(2) E2 
1683.28 U = 	0.0017(3) Ml 
1697.86 U = 	0.0015(3) Ml 
I.' 
1706.37 = 	0.00050(7) El UK 
1730.89 = 	0.0011(2) E2 UK 
1738.34 = 	0.0010(2) E2 UK 
1758.47 = 	0.0007(3) E1,E2 UK 
1766.99 UK = 	0.0017(3) Ml 
UL = 	0.00023(5) 
1768.49 U = 	0.0010(2) E2 
1786.20 U •= 	0.0006(1) El 
1813.29 0.0019(4) Ml UK 
1816.34 U = 	0.0015(4) Ml 
1833.43 d 0.0005 El UK 
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1834.05 a = 	0.0005(1) El K 
1835.68 a = 	0.0010(2) E2 K 
1848.31 a = 	0.0008(2) E2 
1850.46 a = 	0.0008(2) E2 
1865.10 OL = 	0.0004(1) El K 
1885.71 a = 	0.0013(3) Ml K 
1892.63 a = 	0.0006(2) El, E2 
1914.97 a = 	0.0008(1) E2 
0.0004 El K 
1922.64 f a = 	0.00010(2) Ml, E2 
1924.36 a = 	0.0007(1) El, E2 K 
1930.49 a = 	0.0009(1) E2 
1936.40 a  = 	0.0005(2) El 
1942.69 a = 	0.00044(6) El K 
1979.36 a  = 	0.0010(3) Ml, E2 
2034.75 a  = 	0.0007(3) El, E2 
2047.03 a = 	0.0012(2) Ml K 
2094.88 a = 	0.0014(3) Ml K 
2159.11 a = 	0.0011(2) Ml K 
2163.45 = 	0.0012(2) Ml aK 
2170.47 = 	0.0012(2) Ml K 
2235.05 a = 	0.0004(2) El, E2 
2269.97 = 	0.0012(3) Ml K 
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a 	Below 1400 key energies derive from curved crystal measurements. 
Above 1400 key energies derive from Ge(Li) and conversion elec-
tron measurements. 
b 	Deduced from the present data from consideration of all conver- 
sion coefficients and subshell ratios. The notation Ml indi-
cates that the experimental result is consistent with pure Ml 
multipolarity. However, a possible E2 admixture cannot be ruled 
out. Similarly the notation E2 does not rule out a possible Ml 
component but indicates that the transition is predominantly E2. 
The notation Ml, E2 or El, E2 indicates that the result is con- 
sistent with either pure multipolarity or in the former case 
with any mixture of the two. The notation Ml + E2 indicates 
that the result is not consistent with either pure multipolarity 
and therefore that the transition is mixed. 
c 	Impurity 
167Er. 
d 	Unresolved doublet in electron spectrum. One member defined to 
be El from known placement in level scheme. Conversion coeffic- 
ient for other member deduced using theoretical conversion 
coefficient for the member defined to be El. 
e 	1833.43 keV transition defined to be El from placement in level 
scheme. Conversion coefficient for 1834.05 keV line deduced by 
using theoretical conversion coefficient for 1833,43 key 1ine 
1921.11 keV transition defined to be El from placement in level 
scheme. Conversion coefficIent for 1922.64 keV lIne deduced by 
using theoretical conversion coefficient for 1921.11 keV line. 
and Fanger 1972, Warner et al 1979). This pair spectrometer consists of a planar 7 cm  
Ge(Li) diode flanked by two Nal crystals of dimensions 15.2 cm diameter x 10.2 cm 
depth. With this system operating in triple coincidence mode, double escape pair-
production events within the Ge(Li) detector, identified by the simultaneous detection of 
511 keY annihilation quanta in both NaI(T1) crystals, are recorded. This pair spectrometer 
viewed a well collimated primary y beam from a 48 mg target of 167Er2 03 (91.54% 
enrichment) mounted in a 800 mg graphite container and located at the centre of the 
H6-H7 transverse beam tube in a flux of 55 x 1014  neutrons CM-2  s. About 10 cm of 
Pb was used to attenuate the lower-energy part of the y-ray spectrum. The data were 
recorded for 67 h using a Nuclear Data 16 384-channel analyser. Energy calibration was 
performed using 11 well established level energies from the secondary y-ray measurements 
to define a relative calibration curve for the corresponding primary energies. The absolute 
scale was then fixed using the 4945.42 ± 0.03 keY capture y line in ' 3C (Smith and 
Wapstra 1975). The final primary y-transition energies (i.e. corrected for nuclear recoil) in 
the energy interval 4.62 <E <7.80 are listed in table 3, together with relative y intensities 
and the excitation energy of each level in 168  Er defined by the corresponding primary y 
transition. A portion of the primary y-ray spectrum is shown in figure 7, corresponding to 
population of final states in 168Er in the interval of excitation energy from 1615 to 
2360 keY. 
The lower-energy portion of the y spectrum was measured using these same detectors, 
but now operating in Compton suppression mode. The same target was used and this 
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Table 3. 	Listing of pair spectrum primary Y-lines from the 







7691.71(23) 82 79.62 
7507.43(18) 169 263.90 
7367.85(26)c 31 
7222.58(20) 85 548.75 
6950.19(17) 222 821.14 
6875.29(22) 62 896.04 
6776.63(24) 79 994.70 
6677.32(16) 3080 1094.01 
6653.53(34) 52 1117.80 
6578.35(17) 1100 1192.98 
6495.06(17) 380 1276.27 
6367.67(16) 730 1403.66 
6360.38(23) 920 1410.95 
6339.88(18) 192 1431.45 
6278.18(38) 37 1493.15 
6229.85(16) 2010 1541.48 
6202.13(18) 520 1569.20 
6197.32(17) 690 1574.01 
6155.83(28) 1080 1615.50 
6137.93(16) 1940 1633.40 
6116.90(29) 211 1654.43 
6113.49(45) 112 1657.84 
6063.39(17) 645 1707.94 
6052.28(16) 1510 1719.05 
6034.70(19) 289 1736.63 
5950.84(17) 621 1820.49 
5943.34(17) 677 1827.99 
5932.62(23) 113 1838.71 
5922.93(47) 38 1848.40 
5878.48(16) 2700 1892.85 
5866.39(17) 546 1904.94 
5857.63(17) 989 1913.70 
5841.16(34) 63 1930.17 
5799.18(24) 130 1972.15 
5788.17(18) 304 1983.16 
5777.63(28) 150 1993.70 
5772.32(20) 1150 1999.01 
5769.19(30) 311 2002.14 
5748.85(17) 557 2022.48 
5740.32(22) 110 2031.01 
5715.23(34) 140 2056.10 
5711.35(19) 527 2059.98 
5690.54(21) 142 2080.79 
5682.05(18) 380 2089.28 
5673.87(7) 1260 2097.46 
5642.03(17) 674 2129.30 
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5623.10(17) 575 2148.23 
5600.83(37) 53 2170.50 
5585.70(19) 260 2185.63 
5579.31(42) 60 2192.02 
5571.00(17) 703 2200.33 
5533.17(21) 264 2238.16 
5527.71(38) 74 2243.62 
5516.36(27) 91 2254.97 
5508.62(19) 466 2262.71 
5503.63(21) 446 2267.70 
5498.44(70) 47 2272.89 
5473.38(39) 102 2297.95 
5468.75(19) 520 2302.58 
5460.17(19) 288 2311.16 
5448.69(93) 21 2322.64 
5434.29(17) 766 2337.04 
5425.28(29) 98 2346.05 
5405.93(18) 602 2365.40 
5398.07(24) 140 - 	 2373.26 
5388.15(30) 87 2383.18 
5378.61(19) 587 2392.72 
5373.21(22) 635 2398.12 
5369.17(18) 1000 2402.16 
5359.68(17) 2400 2411.65 
5348.12(22) 337 2423.21 
5344.18(32) 178 2427.15 
5336.75(43) 80 2434.58 
5331.68(52) 62 2439.65 
532046(23) 271 2450.87 
5316.28(70) 58 2455.05 
5302.58(69) 44 2468.75 
5295.84(32) 400 2475.49 
5292.56(18) 2100 2478.77 
5285.67(21) 284 2485.66 
5277.43(19) 580 2493.90 
5272.22(27) 182 2499.11 
5258.59(19) 635 2512.74 
5254.40(26) 246 2516.93 
5242.53(18) 662 2528.80 
5233.26(25) 157 2538.07 
5218.68(21) 344 2552.65 
5212.50(19) 967 2558.83 
5207.84(30) 211 2563.49 
5200.04(19) 484 2571.29 
5192.52(27) 148 2578.81 
5185.10(31) 105 2586.23 
5169.94(18) 1800 2601.39 
5141.80(21) 291 2629.53 
5126.93(43) 63 2644.40 
5119.45(24) 390 2651.88 
5114.64(35) 725 2656.69 
5111.52(33) 958 2659.81 
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5107.72(78) 104 2663.61 
5097.71(21) 268 2673.62 
5087.59(24) 240 2683.74 
5082.35(31) 130 2688.98 
5070.85(20) 795 2700.48 
5058.11(33) 80 2713.22 
5043.48(23) 268 2727.85 
5038.00(22) 1210 2733.33 
5032.24(21) 601 2739.09 
5024.79(30) 130 2746.54 
5019.44(36) 90 2751.89 
5006.42(89) 37 2764.91 
5001.56(21) 626 2769.77 
4993.84(21) 300 2777.49 
4984.49(21) 733 2786.84 
4980.54(30) 212 2790.79 
4964.87(34) 165 2806.46 
4960.45(34) 163 2810.88 
4951.69(36) 110 2819.64 
494550(20)d 698 
4928.10(95) 36 2843.23 
4921.58(21) 2300 2849.75 
4916.73(36) 176 2854.60 
4900.11(120) 55 2871.22 
4896.42(24) 635 2874.91 
4890.75(28) 203 2880.58 
4881.11(27) 220 2890.22 
4875.92(30) 197 2895.41 
4869.71(25) 262 2901.62 
4863.56(28) 188 2907.77 
4851.35(24) 249 2919.98 
4842.31(55) 95 2929.02 
4838.13(24) 430 2933.20 
4828.41(24) 252 2942.92 
4820.68(26) 208 2950.65 
4812.29(88) 33 2959.04 
4801.68(24) 1020 2969.65 
4798.78(67) 145 2972.55 
4792.09(31) 196 2979.24 
4787.32(23) 498 2984.01 
4780.01(23) 506 2991.32 
4773.15(44) 147 2998.18 
4769.59(35) 207 3001.74 
4759.52(23) 527 3011.81 
4752.22(23) 414 3019.11 
4745.36(23) 898 3025.97 
4740.92(48) 270 3030.41 
4737.60(69) 128 3033.73 
4729.25(27) 182 3042.08 
4721.74(24) 340 3049.59 
4715.39(23) 703 3055.94 
4707.79(25) 351 3063.54 
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4702.54(28) 272 3068.79 
4693.28(120) 159 3078.05 
4688.52(45) 511 3082.81 
4683.57(35) 70 3087.76 
4671.36(24) 676 3099.97 
4665.40(37) 148 3105.93 
4660.03(29) 674 3113.30 
4653.24(27) 844 3118.09 
4647.40(27) 620 3123.93 
4643.43(25) 1190 3127.90 
4639.42(32) 350 3131.91 
4633.76(39) 132 3137.57 
4628.66(24) 732 3142.67 
a 	Numbers in parentheses are statistical errors on the last 
digits. 	An additional systematic error of 0.15 keV should be 
assumed. 
b 	Intensity errors range from 10% on strongest lines down to 35% 
on weakest lines. 
C 	Impurity peak from primary 1-transition to ground state in 
2Oopb 
d 	Line from neutron capture in 13C (sample was contained in a 
carbon holder). 
measurement, which took 86 h of collection time, followed directly the measurement of the 
pair spectrum. The system resolution was 2.7 keV FWHM at about 1900 keY. In the 
analysis, emphasis was placed particularly on the y rays in the interval 1.4 to 2.5 MeV 
where the efficiency of the GAMS2/3 spectrometer had fallen off to an unacceptable level. 
2.4. Average resonance capture (ARC) measurements 
In thermal capture at a single resonance, the distribution of primary transition intensities 
follows a statistical pattern characterised by a Porter-Thomas distribution, due to the 
complex compound nuclear character of the capture state. In a typical case, the observed 
intensities scatter over two or more orders of magnitude and thus the M I or El character 
of individual transitions cannot be distinguished. 
It is possible to remedy this situation by using the average resonance capture (.&ac) 
technique in which a neutron beam is purposefully rendered non-mono-energetic, with a 
FWHM much greater than the,typical spacing of capture state levels, so that the capture 
process simultaneously and automatically averages the primary transition intensities over 
many resonances. For final states of a given JR value, these intensities are then all of 
approximately equal intensity (residual statistical fluctuations, are typically ±20% in 
deformed nuclei) aside from an overall energy-dependent modulation usually taken to go 
as E. Furthermore, in a case such as 168Er, final states with spins of 3 and 4 can be 
reached by dipole primary transitions from both the 3 ' and 4 + capture states while J= 2 
or 5 states can only be reached from 3 or 4 capture states, respectively. Thus there will 
be a distinction (of roughly a factor of two) between the primary transitions on the basis of 
the final-state spin category. Consideration of relative p-wave and s-wave neutron 
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Figure 7. Part of the 168Er primary y-ray spectrum in the energy interval 541 <E7 <615 MeV taken with a Ge(Li) spectrometer operated in pair-
formation mode. The primary y rays define corresponding levels in 168Er in the region of excitation from 1620 to 2365 keY. The energies of these primary y rays 
are given in keY. Note that in table 2 y-transition energies rather than y-ray energies are quoted. 
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strengths and El to Ml intensity ratios implies a ratio in populations of negative-parity to 
positive-parity final states of about five. Lastly, if the average neutron energy is in the keV 
region, the possibility of p-wave capture is enhanced. In particular, P3/2  capture can lead to 
capture state spins of 2 and 5 with the consequent expansion of the range of final states 
populated by El primary transitions to include 1 + and 6 + states. 
The great and principal advantage of the ARC technique, aside from producing 
substantially refined r information, is that, by virtue of leading to primary transition 
groups of uniform intensity, it provides, in suitable cases, an a priori guarantee that all 
such primary transitions will be observed up to an excitation energy where the E5 factor 
renders their intensities too close to the experimental sensitivity limit. 
To exploit this technique, ARC measurements at BNL have been performed using 
neutron beams centred on 2 and 24 keY, respectively. The beams are provided by passing 
a beam from the reactor core through Sc and 56  Fe filters, respectively. The use of two 
energies is important as p-wave capture is relatively greater at higher energies and, 
consequently, the ratio of primary intensities to a given final state in 2 and 24 keV capture 
is J' dependent. The y rays were detected with a three-crystal pair spectrometer. The 
spectrometer has been described by Stelts and Browne (1976) and Stelts and Chrien 
(1978). 
The target for these experiments consisted of 57 g of Er enriched to 91.5% in 167  Er. 
Typical energy resolution was 5.6 keV at 6 MeV. The y-ray energy, efficiency, and non-
linearity calibration was achieved by performing a companion thermal capture experiment 
with a NaCl target and the identical pair spectrometer settings. Standard energies and 
intensities for Cl lines were taken from the work of Stelts and Chrien (1978). To identify 
contaminant lines, control experiments at both 2 and 24 keV were carried out with graphite 
scatterer targets. Furthermore, standard spectra with targets of the more common 
contaminants (Fe, Na, Cl, I, Al) have been periodically accumulated with this facility so 
that a library of contaminant lines is available. Another technique for contaminant 
identification relies on the fact that such lines invariably arise from capture of ambient 
thermalised neutrons. Therefore, these gamma lines remain constant in energy when the 
neutron energy is changed from 2 to 24 keV whereas lines from average capture will be 
shifted about 22 keV higher in energy in the latter case. 
The data are summarised in table 4, and figure 8 shows the resulting intensities (divided 
by E) and the ratios of these reduced intensities in 2 and 24 keV capture. The Jr 
groupings in the upper plot are evident, and the horizontal bands have been drawn to guide 
the eye, after having calibrated these groups by low-lying states of known spins. The lower 
plot shows how the measured 2:24 keV ratios separate into two groups according to the 
parity of the final state. 
2.5. Coincidence measurements at VinZa 
Coincidences involving y rays populating the 112 ns 4 isomer at 1094 keV excitation 
energy were measured at the external horizontal neutron beam of the 'RA' reactor at Vinèa, 
Belgrade. Samples of 50mg natural Er 2 03 , and of 30mg Er2 03 enriched in 167  Er to 
91.54%, were exposed to a filtered neutron beam of thermal flux 4.2 x 107  neutrons 
cm -2 s'. A true coaxial Ge(Li) spectrometer (16 cm  active volume and a Fwmi 
resolution of 2.5 keV at 1332 keY) and a NaI(Tl) crystal (3.8 cm diameter and 0.3 cm 
thick) coupled to a Philips 56 AVP photomultiplier were used to record yy  coincidences. 
Singles and coincidence y-ray spectra in the range 100< E <7000 keY were measured 
using the Ge(Li) detector. The intense 198.241 keV delayed transition depopulating the 
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(24 keY) IR(2)/IR(24) Jic 
7693-74(11) 7715.22(26) 7963 0.90(4)c 0.768(44) 117 2, 5 
7509.27(8) 7531.42(11) 26410 1.83(5) 2.01(6) 0•91 3 	4 
7224.0(4) 7246.84(24) 549.37 0.213(30) 0.625(40) 0.34 1 +,6 +  
6952.41(17) 6975.18(23) 82096 0850(40) 0.872(61) 097 2, 5 
6877.37(12) 6901.06(14) 89600 1.66(6) 1.83(16)c 091 34 
6778.90(15) 6800.86(15) 994.57 1.56(8) 2.02(21)c 076 
6679.11(16) 6701.44(16) 109426 1034(16) 3.92(14) 2.63 3
1
4 
66560(3) - 111737 1.13(9) < 52 022 2', 5 
6580.35(7) 6602.43(23) 119302 4.90(13) 1.58(10) 312 2, 5 
6507.3(5)d 6532.11(46) 126607 <4.7d 0.547(64) <86 
6496.9(3) 6519.63(46) 127657 0.59(9)C 0.90(10) 065 2, 5 
6369.59(10) 6391.29(77)e 1403.78e 5.43(16) 1.18(61)e 455 5 - 
6362.6(3) 6383.66(58) 1410.77 1.83(13) 1.42(20) 1.28 4 
6341.94(5) 6364.39(15) 1431.43 8.64(22)c 3.34(15) 2.56 3, 4 
6279.7(38) 6301.8(15) 1493.67 1.05(11) 0.52(23) 2.00 2', 5 
6231.77(4) 6253.83(9) 1541.60 21 . 21(28)f 6.54(19)f 322 {II}8 
6204.7(3) 6230.24(43) 1568.67 3.70(31) 1.62(16)' 2-: 5 
6199.57(18) 6222.27(24) 1573.80 5.92(33) 322(17)hf 
1.98 
5 
6158.04(6) 6179.88(17) 1615.33 10.5(2) 3.53(17) 2.94 3- ' 4 






°•''o F 2.72(63) 	
' 3.68(17) ' 1.11 
+ 	+ 
6115.9(9)f ' 	/ 1657.47 1.38(63)cJ '. 	 , . 
6065.52(9) 6087.38(28) 1707.85 5.59(19) 2.05(17) 2.70 27 ' 5 
6054.18(6) 6076.02(19) 171919 10.44(25) 3.31(21) 3.12 3 7.4 
6036.4(2) 6058.27(26) 1736.97 1.75(15)c 2.24(17) 0.78 3, 4 
6005.2(3) 6026.2(13) 176817h 1.68(15)' 0.42(14)' - - 
5952.78(11) 5975.34(34) 182059 6.66(21) 2.47(18) 2.70 2, 5 
5945.11(9) 5966.79(24) 1828.27 9.49(24) 3.76(20) 2.50 3 - 4 
5934.7(7) 5956.11(47) 183867 0.74(14) 1.64(17) 045 2', 5 
5923.2(4)f 5947.23(40) 1850.17 0.61e 1.85(19) 0.33 V, 5 	6 
5880.47(6) 5902.37(22) 1892.90 11.5(3) 3.56(20) 3.22 
5868.29(8) 5891.01(22) 1905.08 9.38(29) 3.47(21) 2.70 3 1 4 
5859.21(9) 5881.49(22) 1914.16 8 . 43(28)f 4.31(24)f 1.95 one 71 =-' 
5842.6(4) 5865.20(83) 193077 1.37(18) 0.84(20) 1.63 2 1 , 5+(3+, 4 1) 
580080(17) 5821.94(69) 1972.57 3.58(21) 0.79(19) 4.53 5 
5790.46(14) 5812.54(42) 1982.91 4.82(21) 1.37(20) 351 2 	5 , 
5778.67(112) 5800.32(81) 1994.70 2.2(12) 1.74(47) 1.26 3 	4 + (2 + 5') 
5774.12(94) 5795.09(62) 1999.25 11Ø(32)k 4.94(52)k 2.22 3 9 4 
5771.12(99) 5790.5(12) 2002.25 5 . 8(41)t 1 . 37(66)t - - 
5750.96(10) 5773.82(26) 2022.41 7.79(24) 2.65(20) 2.94 3 	4 , 
5742.2(3) 5765.47(59) 2031.1 2.21(19) 1.11(20) 1.99 3 	4 
5715.5(7) 5740-17(86) 2055.8 2.37(67) 1.89(61) 1.25 3 	4 
5713.28(19) 5735.71(68) 206009 10.15(7) 3.04(56) 334 34 , 
5692.5(3) 5714.94(38) 2080.8 1.92(20) 2.28(41)c 0.84 3 	4 
5684.24(10) 5706.37(46) 2089.1 9.59(29) 2.51(25) 3.82 3- ' 4 
5675.76(12) 5697.55(39) 209771 7.49(27) 2.58(25) 290 3,4 
5663.8(6) 5686- 25(73) 2109.57 0.96(22) 1.09(25) 0.88 2, 5 
5643.9(2) 5665.86(56) 2129.47 4.12(26) 1.42(21) 290 2, 5 
5637.2(6) 5659.19(80) 2136.17 1.26(24) 098(21) 1.28 2,5(3,4) 
5624.96(18) 5647.39(52) 2148.41 4.72(28) 1.17(19) 4.03 2 	5 , 
5604.2(6) 5624.56(67) 2169.17 1.28(28) 1.26(23) 1.02 41) 
5587.52(16) 5608.88(37) 2185.85 7.53(33)1 2.97(27) 2.53 
{:2 +, 5) 
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Table 4. (continued) 
E(AE)' 	E(AEV I7/E 
(2 keY) (24 keV) 	E,a 	(2 keV) 	(24 key) 	IR(2)/IR(24) .'ac 
5573.35(17) 5595.76(97) 220002 5.00(28) 0.97(24) 515 2 71 5 —  
5543.0(3) 5563.2(14) 2230.37 3.27(29) 1.05(41) 3.11 2, 5 
5534.9(9) 5557.9(11) 223847 1.87(40) 1.83(42) 1.02 
5529.6(3) 5551.6(8) 224377 1.72(43) 1.35(30) 1.28 
'The relative uncertainties on the last digits of the gamma-ray energies and intensities are given in parentheses. 
They do not include a scale uncertainty from the calibration which is estimated to be ±02 keY on gamma-ray 
energies. The intensity scale is arbitrary and unrelated for the data at 2 and 24 keY. The excitation energy scale 
was obtained from the 2 keV data using the stronger primary transitions and the corresponding accurately 
determined level energies from the curved-crystal data. 
b The J?ZRC column gives the J" values which can be deduced solely from the ARC data. 
The intensity reflects the subtraction of a small contaminant peak. 
d Peak contains contaminant line of undetermined intensity. Energy and upper intensity limit are approximate. 
A large contaminant intensity has been subtracted: energy and intensity are uncertain. 
Unresolved doublet of states, both of which are accessible in ARC. Intensity is the sum of two unresolved lines. 
11  Even though this doublet is unresolved, the large intensities can only be accounted for by two states, each of 
which is 3or 4. 
h Partially resolved multiplet: distribution of intensities between the two peaks is uncertain. 
l  Level uncertain. 
The intensities and their ratio show that at least one member of the doublet must be of negative parity and 
that they cannot both be 3, 4. Most likely J" combinations are (3 1  4) and (2, 3, 4, 5) or (2, 5) and 
(3 44) 
k Part of these intensities are probably due to the incompletely resolved peak corresponding to the 2001 keV 5 
level. 
'The intensities and their ratio shows that at least one member of the doublet must be (2 1  51 and the most 
likely combination is one (2, 5) level and one (3 k, 4)level. 
1094 keY level was detected by the scintillation counter. A close target—detector geometry, 
particularly for the NaI(Tl) detector, resulted in a coincidence data collection rate of 10% 
of that in the singles spectrum. 
Timing was effected in the following manner. The logic pulse from the Ge(Li) channel 
needed to start the time to pulse-height converter was derived from a constant-fraction 
discriminator. The stop pulses from the NaI(Tl) detector were derived from a fast GaAs 
tunnel diode discriminator and subsequently delayed. A resolving time of 10 ns was 
obtained. The region (40 - 600 ns) of the delayed coincidence curve selected to gate the 
Ge(Li) spectrum gave a twenty-fold suppression of prompt and chance events in the 
measured coincidence spectrum. A gating coincidence signal was formed whenever a pulse 
from the NaI(Tl) channel corresponding to the 198.241 keV y ray occurred relative to 
those Ge(Li) pulses arriving in the 40 to 600 ns time interval selected. These experimental 
criteria enabled summing effects to be maintained at a low level while assuring good overall 
detection efficiency. A total of 25 million coincidence events were recorded over a six-day 
measuring period. A detailed description of the coincidence method will be published 
elsewhere (Simió and Koièki 1980). 
A representative portion of the data in the range 500 <E7 <585 keY is shown in figure 
9 and table 5. Genuine coincidences occur only for those transitions involved, directly or 
indirectly, in the feeding of the 1094 keV isomeric state, thus leading to differences in the 
details of the two spectra, as observed in figure 9. The singles, and coincidence, y-ray 
energies and intensities appear in columns 1 and 2, and columns 4 and 5, respectively. The 
coincidence intensities are normalised to that of the 447-515 keY line which is known to 
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T.C. 













E ( keV) 
Figure 8. Reduced intensities for the ARC data at 2 and 24 keV. The upper part shows the 
intensities at 2 keY. Horizontal shading has been superimposed to highlight the different J" 
groupings. The lower part gives the ratio of reduced intensities at 2 and 24 keY. The 
difference in relative importance of p-wave capture leads to a distinction in terms of parity as 
suggested by the shadings indicated. The squares denote doublets: care should be taken in 
considering their apparent intensities. 
directly populate the 1094 keY level (Koch 1966). Column 6 contains a parameter, 
F= I /I, derived from the ratio of coincidence and singles intensities in columns 5 and 2, 
respectively. This parameter F can take on values from about zero (depending on chance 
events) up to about 100. In the last column the placement of transitions in the 168Er level 
scheme, obtained from Ritz combination analyses, is indicated. 
The extensive results on these coincidence measurements will be described in full in a 
separate publication (Simiá and Koiki 1980). 
2.6. Determination of transition energies and intensities 
The final list of secondary transitions presented in table 1 derives from several different 
measurements. The transition energies up to 1420 keY were obtained from the GAMS1 and 
GAMS2/3 curved-crystal spectrometers. More specifically, the y-ray energies up to about 
200 keV derive from the GAMS  measurement, and beyond about 400 keV from the GAMS2/3 
measurement, and those y-ray energies falling in the intermediate interval derive from a 
weighted mean of the energies measured with both spectrometers. Above 1400 keY the 
transition energies derive from Ge(Li) spectrometer data and electron conversion data. 
The y-ray intensities were derived in the following manner. The most intense transitions 
were measured with a 60 cm  Ge(Li) detector which had been calibrated using an 152 E 

































0 	 I (¼ A 
1 J J J 
.iOO 520 51.0 560 580 
Gamma energy (key)  
Figure 9. Singles (a) and coincidence (b) spectra in 
the range 500 <E7 < 585 keV following neutron 
capture on natural erbium. The peaks in the singles 
spectrum at 531-5 keV and 573-8 keV are 167Er 
contaminant peaks. All remaining peaks (except the 
annihilation line) belong to 168Er. 
interpolation within each order. The y-ray intensities in table 1 are expressed per 10 000 
neutron captures and were obtained by summing all the transition intensity, both photon 
and electron, feeding into the 2 level or the ground state (excluding the 2 - 0 transition) 
with subsequent normalisation of this amount to 10 000 units. The y-ray energies in table 1 
are relative energies normalised to the 198.241 keV energy and could differ from absolute 
energies by as much as 20 PPM. 
Several impurity peaks in the y-ray list in table 1 were identified with the most intense 
lines arising from the 166Er(n, y) t67Er and ' t8Er(n, y) 169Er reactions. Only 15 of these 
impurity peaks were detected and their origins are well documented from the previous 
studies of Koch (1965) and of Mulligan et al (1970). 
2.7. General remarks on the data 
It is perhaps worthwhile to emphasise in this section some of the unique attributes of the 
present data. Specific examples of the data have been given in figures 1-7 and will be used 
here to illustrate certain facets. 
496 	W  Davidson et a! 
Table 5. Summary of y-y coincidence results 
Curved 
Singles crystal Coincidence Ratio Placement 
E 1a,b E E F - If 
514.970 514.0(10) 0.09(5) 82(46) 1707(5) 1193(5) 
520.4(8) 0.12(5) 521.303 521.1(5) 0.12(4) 100(53) 1615(4) 1094(4) 
527.94(14) 0.69(7) 527.884 527.9(3) 050(15) 72(16) 1839(5 1311(6) 
533.62(30) 0.32(15) 533202 533.16(8) 0.25(8) 78(44) 2186e 1653(3) 
543.74(10) 1.70(17) 543667 543.68(5) 1.43(25) 84(17) 1736(4) 1193(5) 
1546.802 1541.5(3) 994(4 k) 
54704(15)d 0.85(10) 546.960 1541.7(4) 994(4 k) 
(.547.805 547.8(4) 0.13(3) 57(15) 2089(4) 1541.5(3) 
55653(20) 0.34(5) 556.571 1820.4(5) 1263(6 k ) 
559.55(10) 2.02(12) 559.510 559.34(30) 2.10(30) 104(15) 1653(3) 1094(4) 
568.96(2) 1.11(10) 568.821 1117(5 k ) 548(6 k) 
580.37(20) 0.51(5) 580.176 580.40(55) 0.40(16) 78(32) 1773(6) 1193(5) 
582.90(15) 0.54(5) 582.567 1403(2) 821(2') 
a Errors on the last digit(s) are given in parentheses. 
b To convert to intensities per 10 000 neutron captures, these intensities must be multiplied by a factor of 81-5. 
The 2186 keY level has a J" value of 3 or 4. 
d Denotes complex peak. Singles intensities were derived from curved-crystal data. 
Curved-crystal spectrometry enables one to detect extremely weak low-energy 
transitions which lie below the detection sensitivity of Ge(Li) systems, as exemplified in 
figures 1 and 2. In figure 2 the y-ray spectrum around E 185 keV is shown, where in 
addition to the most intense line in the entire 167Er(n, y) spectrum, namely the 4 -, 2 
184.285 keY transition, four other much less intense transitions (specifically some 1500 to 
20 000 times weaker in intensity) are clearly evident. All four transitions are placed in the 
level scheme, three of them constituting intra-band transitions. At higher y-ray energies the 
resolution and dynamic range in intensities resulting from the curved-crystal spectrometry 
remains remarkable, as can be observed in figures 3 and 4. In the former, where the 
interval 698 <E <732 keV is shown, a seven-fold improvement in resolution over that 
resulting from Ge(Li) spectroscopy is observed while, in a second limited scan of this 
region with a thinner target, a twelve-fold improvement in resolution obtains. Concurrently 
the improvement in dynamic range of detection efficiency over that attainable with a 
Ge(Li) system is apparent, as clearly evidenced if one compares, for example, the 
724-432 keV singlet in both spectra in figure 3. Even at E 1280 keY, a resolution of 
0.55 keY FWHM has enabled a triplet of y rays to be clearly resolved, as shown in figure 4. 
The quality of the conversion electron spectrum, which was measured with the /1 
spectrometer at the ILL, and which led to the determination of many of the transition 
multipolarities, is exemplified in figures 5 and 6. The resultant multipolarity determinations 
were sufficiently extensive to ultimately contribute to unique Jr  assignments for 73 Out of 
the total of 78 levels which comprise the 20 rotational bands put forward from this study. 
Another feature of note concerning spectral quality at the higher energies is that the 
best resolution, and precision, now derives from the /3 spectrometry, as illustrated in a 
specific case in figure 6 for energies around 1800 keV. The resolution of about 1 keV in the 
electron spectrum has enabled the charaëterisation of a closely spaced triplet of lines at 
about 1834 keV, all of which have been subsequently placed in the level scheme. 
The resolution capabilities associated with the instrumentation used in this study have 
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been summarised in figure 10, where it can be seen that, up to about 200 keV, the best 
resolution can be obtained with the GAMS 1 spectrometer while around and beyond 200 keV, 
the GAMs2/3 spectrometer gives the best resolution (more strictly, below 200 keV, this 
should also hold true but absorption problems at these low energies with this spectrometer 
greatly reduce its detection efficiency). The full line in figure 10 denotes the resolution 
achieved for the complete measurement whilst the broken line denotes the resolution 
achieved ultimately with a thin target when certain restricted portions of the spectrum were 
scanned again (see figures 3 and 4). 
It can be seen that, around 1300 keV, the resolution of the fi spectrometer (which 
varies from Ap/p— 0.07% at low energies, where target thickness effects tend to dominate, 
to hp/p  0.05% at high energies) crosses that of the GAMS2/3 spectrometer. Again, since 
the detection efficiency of the GAMS2/3 spectrometer is falling off rapidly (as E 2 ) in this 
region, the precision on the transition energies essentially derives from the fl-spectrometer 
measurements. The Ge(Li) spectrometer resolution is incidentally about a factor of two 
worse in this energy region. 
Beyond 2 MeV the spectra became exceedingly complex and the energies in table 1 
come from the conversion electron measurements. Weak y rays (I 10) in the interval 
2.0-2.5 MeV, which were members of complex multiplets and were below the detection 
limit in the electron spectra, are omitted from table 1. 
The thermal primary data, a portion of which is shown in figure 7 and which has been 
summarised in table 3, is of sufficient quality that a range of intensities spanning two 
orders of magnitude is evident. The fact that the primary transition populating the 6
' 
 + state 
was detected is one remarkable feature indicating, presumably, a non-negligibe fast 
I on 
- -- - 
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Figure 10. Resolution in fifth order of reflection as a function of energy of the Ge(Li) 
spectrometer, the Ii spectrometer and the oatsi and GAMS2/3 curved-crystal spectrometers 
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neutron flux at the target site which enables p-wave capture mechanisms to operate. 
Moreover, the decay modes of every level defined in the thermal primary spectra up to an 
excitation energy of about 2.2 MeV could be characterised. 
Finally, the advantages of the ARC technique are numerous. It clearly aids in spin 
determination, not only in the case where levels are populated but also by inference when 
they are not observed. Examination of the sensitivity limits in the data show that they will 
provide a complete set of all spin 2-5 - (2 _5 ')levels below about 2200 keY (2000 keV) 
excitation energy. This feature is particularly useful in assessing the adequacy of those 
nuclear models that aspire to the treatment of broad, or even complete, sets of low-spin, 
low-lying states. Less obvious, perhaps, is the help the ARC data provide in P and 
rotational band assignments by virtue of the assurance of completeness. For example, in a 
typical case, a 4 + level might be established as a band-head rather than a rotational 
member of a K' =3 band because one could show from the ARC data that no lower-lying 
unassigned 3 level existed. These various uses of the ARC data will be cited where 
appropriate in the discussion below of the various P and band assignments. 
3. Levels in Er 
3.1. Level scheme construction and P assignments 
The levels and P values have been deduced from the current data. Levels were identified 
from population by primary transitions and/or Ritz combinations. Due to the small errors 
on the secondary transition energies the Ritz combination method was used with such 
effect that there was a resultant low probability for chance placements. The level energies 
are optimised by a least-squares fit to the transition energies, the reduced x2  value for the fit 
being approximately 2.0. The P values were deduced on the basis of measured transition 
multipolarities and the ARC data; in cases where transition multipolarities could not be 
deduced they were assumed to be El, E2 or Ml. The placement of secondary y rays in the 
168Er level scheme was accomplished using the Ritz combination principle, with recourse, 
where applicable, to the y—y coincidence results for confirmation. It should be noted, 
K : O* 	 K'= 0+ 	 K 3t= O* 	 K' 
(GSB) 	 (i band) 
168 
68 r100 
Figure 11. Portion of level scheme for 168Er based upon the present work. The proposed 
grouping of states into rotational bands is indicated. The de-excitation modes of the GSa, the 
y-vibrational band and two K"=O + bands are shown. 
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K 11=1. 	 K11= 1 	 K11= 3 	 K 11= 2 
168 
68 r100 
Figure 12. Portion of level scheme for 168Er based upon the present work. The proposed 
grouping of states into rotational bands is indicated. The dc-excitation modes of a K'= 4 
band, a K"= 1 band, a K 2 =3 band, a K 9 =2 band and a K 9 =6 band-head are 
shown. 
however, that the complexity of the level scheme above about 1800 keY necessitated the 
use of somewhat arbitrary criteria in certain cases in determining placements, these criteria 
being based principally on consistency of decay patterns. The level scheme of 168 Er below 
about 2.2 MeV which has resulted from this effort is shown in figures 11-17 inclusive. The 
energies of these levels are listed in table 6 together with the r assignments deduced and a 





Figure 13. Portion of the level scheme for 168Er based upon the present work. The proposed 
grouping of states into rotational bands is indicated. The dc-excitation modes of a K 11 = 3 + 
and aK 11 =4 band are shown. 
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Figure 14. Portion of the level scheme for 1 68E based upon the present work. The proposed 
grouping of states into rotational bands is indicated. The de-excitation modes of two K'= 3 - 
bands, and of two K' = 4 bands, are shown. 
168 
68 r100 
Figure 15. Portion of the level scheme for 1 68E based upon the present work. The proposed 
grouping of states into rotational bands is indicated. The de-excitation modes of the K 8= 0 - 
octupole band and a K 8 = 1 - band are shown. 




Figure 16. Portion of the level scheme for 168Er based upon the present work. The proposed 
grouping of states into rotational bands is indicated. The dc-excitation modes of two K'= 2 + 
bands and a K"= 4 + band-head are shown. 
3.2. Level scheme 
In the paragraphs that follow, sufficient information has been cited to firmly establish the 
J' values adopted. Reference to Ml or E2 multipolarity below indicates the definite 
presence of one of these components in the transition, but does not exclude an admixture of 
the other component. It should be borne in mind that in many instances abundant 
confirmatory information exists which is apparent from the accompanying tables. Band 
assignments for bands originating below 1780 keV have also been justified. However, 
although all states are grouped into bands throughout this section for the purposes of 
clarity, the criteria for band assignments above 1780 keY are discussed in the two 
subsequent sections. This procedure has been adopted since the complexity of the level 
scheme in this region indicates that particular sequences of levels cannot be considered in 
isolation. 
3.2.1. The ground-state band. The ground-state rotational band (GsB) members with J< 12 
are established from the heavy-ion-induced Coulomb excitation study of Kearns et a! 
(1977), as well as from previous studies on 168Er cited in the introduction. In the present 
study the 10 level is populated by a branching from the 8 level. 
3.2.2. The y-vibrational band. This is a well known band from previous investigations, the 
present study agreeing well with that of Koch (1966) and of Michaelis et a! (1970). The 
only serious discrepancy is that the 8 level, which is found at 1624.504 keV in the present 
work, differs by 2.0 keY from these previous (n, y) studies. In the study of Koch no direct 
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Figure 17. The complete set of rotational bands and their constituent levels in 168Er resulting from the present investigation. 
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dc-excitation was observed from the 8 state (at 1626.53 keY) to the GSB while Michaelis 
et al place one such transition of 1077.6 keY from this 1626.53 keV level to the 6 
member. The present study, while it did not reveal a 1077.6 keV y transition, did reveal an 
energy combination of five y transitions to the 6, 8, 10, 6 and 7 states, thereby 
defining a level at 1624.504 keV which we propose as the 8 state. 
A study at the ILL on the question of Ml admixtures in the intra-band stop-over 
transitions of the y band has already been reported (Gelletly et al 1978). A more precise 
study in which the L-subshell conversion electrons of some of these stop-over transitions 
were measured will be reported elsewhere (Schreckenbach and Gelletly 1980). 
3.2.3. The K' =4 band at 1094 keV. This K =4 band has been well established from 
previous (d, p) and (n, y) studies cited in the introduction. The depopulation of the members 
of this band resulting from the present study agrees with that of Koch (1966) and of 
Michaelis et al (1970). However, four additional weak y transitions to the GSB were 
observed in this study. 
3.2.4. The K =0' band at 1217 keV. This band was first proposed by Michaelis et al 
(1970). The 1276.269 keY level decays to the ground state by an E2 transition resulting in 
a Jfl  value of 2. The 1411.094 keY state which decays by a 1331-324 keV E2 transition 
to 2 and by a 862.355 keY E2 transition to 6 establishes the unique assignment of 4'. 19
The level at 1616.804 keV connects via an E2 transition to the 4 state and via a transition 
of undetermined multipolarity to the 8 state. This level can therefore only have a 
assignment of 6t These 6, 4 and 2 levels are connected by intra-sequencc transitions 
of 205.710 and 134.824 keY respectively. Michaelis et al proposed that the band is based 
ona0 band-head at 1217 keV. 
A weakly proposed level at 1215 keV was observed in the (d, d') reaction, but is not 
observed in ARC. Its Jr  value must therefore be 0 + , 1 or >5. Since this level connects via 
an E2 transition to 2, a unique J' value of 0 + resultst. No detectable electron 
conversion transition to the ground state was observed (see § 4.5 for further discussion of 
this aspect). 
A possible candidate for the 8 member of this K =0 band at 1890.262 keV is put 
forward, and is given in table 6 in parentheses. Using the J(J + 1) law, and the positions of 
the 0, 2, 4 + and 6 levels, the 8 ' member is predicted around 1886 keV excitation. The 
only combination in this energy region is a 1341.577 keY transition to 6 and an intra-
band transition of 273.458 keV to the 6 state of this K't =0 band. A transition of 
96196 keV ought to exist and decay to 8, but such a transition was not observed due to 
the presence of a 961.875 keY transition which is already rather well established elsewhere 
in the decay scheme. Thus, this proposed 8 member at 1890.262 keV must be considered 
as tentative. 
3.2.5. The K" = 1 band at 1358 keV. Evidence for the existence of a K" = 1 band with 
band-head around 1354 keV was tentatively discussed by Harlan and Sheline (1967), and 
later Michaelis et a! (1970). The J" values for the 1358.894 keV (1), the 1431-463 keY 
(3 -) and 1574• 113 keV (5 - ) levels are determined uniquely by the El multipolarities of 
Preliminary analysis of a recent (t, p) study into 168  Er by J A Cizewski (1980, private communication) 
discloses a 0 + state at 1217 ± 10 keV excitation energy, in agreement with the present results. 
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Table 6. 	Summary of proposed levels in 168Er and their 
de-exciting transitions. 











79.804(1) 2,0k 79.804 1100. 0 0,0k 
264.088(1) 4,0k 184.285 3940. 79 2,0k 
548.745(2) 6,0k 284.655 1010. 264 4,0k 
928.301(3) 8,0k 379.545 30.6 548 6,0k 
1396.824(5) 10,0 468.529 0.50 928 8,0 
821.167(2) 2,2k 821.164 443. 0 0,0k 
741.356 491. 79 2,0 
557.079 8.0 264 4,0k 
895.793(2) 3,2k 815.990 3000. 79 2,0k 
631.703 538. 264 4,0k 
74.626 1.1 821 2,2k 
994.745(2) 4,2 k 914.944 503. 79 2,0k 
730.660 831. 264. 4,0k 
445.995 9.7 548 6,0k 
173.577 7.8 821 2,2k 
1117.568(2) 5,2 k 853.473 518. 264 4,0k 
568.821 85. 548 6,0k 
221.775 21.3 895 3,2k 
122.821 1.9 994 4,2k 
1263.902(2) 6,2 k 999.827 75. 264 4,0k 
715.163 121. 548 6,0k 
335.589 0.98 928 8,0 
269.161 23.9 994 4,2k 
146.331 1.0 1117 5,2k 
1432.948(2) 7,2 k 884.219 24.9 548 6,0k 
504.644 4.1 928 8,0k 
315.383 11.8 1117 5,2k 
169.043 0.31 1263 6,2 k 
1624.-504(4) 8,2k 1075.640 5.9 548 6,0+ 
696.132 1.9 928 8,0k 
227.705 0.23 1396 10,0k 
360.599 1.4 1263 6,2k 
191.555 0.08 1432 7,2k 
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1094.036(2) 4,4 1014.134 6.4 79 2,0 
829.958 286. 264 4,0 
272.876 3.8 821 2,2k 
198.241 2240. 895 3,2k 
99.289 155. 994 4,2k 
1193.023(2) 5,4 928.935 110. 264 4,0 
644.277 21.8 548 6,0k 
75.466 0.55 1117 5,2k 
98.982 198. 1094 4,4 
1311.458(2) 6,4 762.751 0.9 548 6,0k 
193.888 3.3 1117 5,2k 
217.422 192. 1094 4,4 
118.437 51. 1193 5,4- 
1448.953(2) 7,4 900.206 6.4 548 6,0k 
520.667 0.81 928 8,0 
185.056 0.37 1263 6,2k 
255.929  1193 5,4- 
137.494 5.9 1311 6,4 
1605.847(2) 8,4- 294.390 6.7 1311 6,4 
156.884 0.33 1448 7,4 
1217.164(30) 0,0k 1137.360 11.5 79 2,0k 
1276.269(2) 2,0k 1276.268  0 0,0k 
1196.513 52. 79 2,0k 
1012.190 99. 264 4,0k 
455.096 0.90 821 2,2k 
380.479 1.3 895 3,2k 
1411.094(2) 4,0k 1331.324 112. 79 2,0k 
1146.998 74. 264 4,0k 
862.355 145. 548 6,0k 
589.913 3.0 821 2,2k 
515.303 18.7 895 3,2k 
416.352 13.1 994 4,2k 
293.523 1.00 1117 5,2k 
134.824 6.6 1276 2,0k 
1616.804(2) 6,0k 1352.532 21. 264 4,0k 
1068.079 44. 548 6,0k 
688.538. 3.5 928 8,0k 
622.059 3.1 994 4,2k 
499.233 6.7 1117 5,2k 
352.900 3.4 1263 6,2k 
205.710 11.7 1411 4,0k 
L1890.262(14)fE8,01 1341.577 11. 548 6,0k 
273.458 0.24 1616 6,0k 
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1358.894(12) 1,1 1358.904 29. 0 0,0k 
1279.127 69. 79 2,0k 
537.761 0.73 821 2,2k 
1403.733(2) 2,1 1323.913 124. 79 2,0k 
582.567 37. 821 2,2k 
507.936 3.7 895 3,2k 
1431.463(4) 3,1 1351.542 133. 79 2,0 
1167.396 130. 264 4,0k 
535.642 0.46 895 3,2k 
1541.706(2) 4,1 - 1277.592 157. 264 4,0 
645.939 24. 895 3,2k 
546.960 39.8 994 4,2k 
137.974 2.2 1403 2,1 
110.245 0.44 1431 3,1 
1574.113(3) 5,1 1310.030 123. 264 4,0k 
1025.377 70. 548 6,0 
1760.757(3) 6,1 1212.045 32. 548 6,0k 
643.181 11.4 1117 5,2 k 
496.858 3.67 1263 6,2k 
219.050 5.4 1541.7 4,1 
186.644 0.45 1574 5,1 
1422.24(7) 0,0k 1342.436 24. 79 2,0k 
1493.131(4) 2,0k 1493.09 10. 0 0,0k 
1413.317 38. 79 2,0k 
1229.080 41. 264 4,0k 
671.961 2.8 821 2,2k 
597.327 2.3 895 3,2k 
1656.269(4) 4,0k 1576.71 6. 79 2,0k 
1392.209 98. 264 4,0k 
1107.495 36. 548 6,0k 
835.14 2.0 821 2,2k 
661.523 2.4 994 4,2k 
538.683 1.4 1117 5,2k 
163-.137 0.74 1493 2,0k 
1902.692(6) 6,0k 1638.91 8. 264 4,0k 
1353.784 43. 548 6,0k 
974.417 3,7 928 8,0k 
246.422 1.2 1656 4,0k 
1541.554(2) 3,3 720.392 110. 821 2 9 2 k 
645.775 35. 895 3,2k 
546.802 22.7 994 4,2k 
447.515 223. 1094 4,4- 
348.523 3.8 1193 594 
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1615.339(2) 4,3 719.550 78. 895 3,2k  
620.590 3.9 994 4,2k  
497.768 19.1 1117 5,2k  
521.303 13.6 1094 4,4 
422.318 116. 1193 5,4 
303.878 0.99 1311 6,4 
73.784 3.9 1541.5 3,3 
1707.990(2) 5,3 713.257 43.6 994 4,2k  
590.415 1.5 1117 5,2k  
444.086 5.5 1263 6,2k  
613.951 7.7 1094 4,4 
514.970 8.7 1193 5,4 
396.530 52.8 1311 6,4 
259.034 0.24 1448 7,4 
166.434 1.5 1541.5 3,3 
92.652 6.7 1615 4,3 
1820.129(2) 6,3 702.576 8.6 1117 5,2k  
387.191 1.3 1432 7,2k  
627.104 5.5 1193 5,4- 
508.679 2.4 1311 6,4 
371.173 16.7 1448 7,4 
204.790 1.9 1615 4,3 
112.139 4.9 1707 5,3 
1950.803(2) 703 344.954 2.2 1605 8,4 
242.811 0.81 1707 5,3 
130.675 1.0 1820.1 6,3 
1569.452(3) 2,2 1489.47 5. 79 2,0k  
748.281 86. 821 2,2k  
673.666 38. 895 3,2k  
1633.468(2) 3,2 812.287 69. 821 2,2k  
737.686 82. 895 3,2k  
638.710 	- 5.5 994 4,2k 
1719.173(2) 4,2 823.386 85. 895 3,2k  
724.432 32.8 994 4,2k  
601.603 57. 1117 5,2k  
1820.471(3) 5,2 825.729 60. 994 4,2k  
702.914 12.8 .1117 5,2k  
556.571 24. 1263 6,2k  
187.013 0.16 1633  
1949.631(3) 6,2 832.049 20. 1117 5,2k  
685.760 2.8 1263 6,2k  
516.683 7.3 1432 7,2k  
230.461 0.18 1719  
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1653.546(2) 3,3k 832.362 16. 821 2,2k 
757.839 1.5 895 3,2k 
559.510 158. 1094 4,4 
249.809 0.41 1403 2,1 
84.096 1.1 1569 2,2 
1736.686(2) 4,3k 1656.840  79 2,0k 
1472.810  264 4,0k 
840.890 28. 895 3,2k 
642.629 0.24 1094 4,4 
543.667 135. 1193 5,4 
305.219 0.62 1431 3,1 
194.992 0.12 1541.7 4,1 
103.228 1.2 1633 3,2 
83.138 2.1 1653 3,3k 
1839.344(2) 5,3 k 1575.110 5. 264 4,0k 
844.614 6.6 994 4,2k 
721.708 2.8 1117 5,2k 
527.884 64.4 1311 6,4 
297.640 0.50 1541.7 4,1 
265.233 0.13 1574 5,1 
185.797 2.7 1653 3,3k 
102.659 2.3 1736 4,3k 
120.170 0.77 1719 4,2 
1961.396(2) 6,3 k 843.827 1.3 1117 5,2k 
336.881 0.49 1624 8,2k 
768.368 4.9 1193 5,4 
512.441 13.9 1448 7,4 
224.712 2.8 1736 4,3k 
122.049 1.0 1839 5,3k 
140.929 0.16 1820 5,2 
1773.201(3) 6,6 679.180 30. 1094 4,4 
580.176 39. 1193 5,4 
461.739 13.7 1311 6,4 
324.256 0.52 1448 7,4 
1786.091(8) 1,0 1786.20 17. 0 0,0k 
1706.37 26. 79 2,0k 
382.346 0.81 1403 2,1 
1913.899(6) 3,0 1834.05 40. 79 2,0k 
1649.77  264 4,0k 
2185.087(5) 5,0 1921.11 28. 264 4,0k 
1636.60 14. 548 6,0k 
424.329 0.34 1760 6,1 
271.189 0.46 1913 3,0 
1828.059(3) 3,3 1006.912 11.7 821 2,2k 
932.269  895 3,2k 
833.294 32. 994 4,2k 
286.509 11.6 1541.5 3,3 
212.720 1.3 1615 4,3 
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1892.931(2) 4,3- 997.238 3.1 895 3,2k 
775.378 2.0 1117 5,2k 
798.890 160. 1094 4,4- 
699.921 12.2 1193 5,4- 
351.422 0.27 1541.5 3,3- 
277.589 0.73 1615 
1983.034(3) 5,3 719.170 1.2 1263 6,2k 
889.006 5.7 1094 4,4 
790.001 53. 1193 5,4 
671.589 6.0 1311 6,4 
275.046 0.42 1707 5,3- 
2091.268(5) 6,3 973.695 3.8 1117 5,2k 
658.393 1.7 1432 7,2k 
898.315 6.0 1193 5,4 
779.806 13.9 1311 6,4 
642.324 0.24 1448 7,4 
140.457 0.16 1950 7,3- 
1848.366(6) 2,2k 1848.31 24. 0 0,0 
1768.49 22. 79 2,0k 
1027.264 1.7 821 2,2k 
952.611 7.8 895 3,2k 
278.860 0.21 1569 2,2 
214.865 0.16 1633 3,2 
194.821 0.15 1653 3,3k 
1915.511(5) (3,4)2k 1835.68 58. 79 2,0k 
1651.49 7. 264 4,0k 
1094.43 12. 821 2,2k 
920.783 14.5 994 4,2k 
639.200 0.38 1276 2,0k 
282.043 0.20 1633 3,2 
178.829 0.16 1736 4,3k 
2002.445(4) (3,4)2 k 1922.64 27. 79 2,0k 
1738.34 38. 264 4,0k 
1106.650 7. 895 3,2' 
1.007.571 7.5 994 4,2k 
591.345 3.6 1411 4,0k 
2108.971(4) 5,2k 1844.75 24. 264 4,0k 
1560.16 22. 548 6,0k 
991.388 8.8 1117 5,2k 
389.804 0.46 1719 4,2 
288.497 0.62 1820.4 5,2 
106.524 0.33 2002 (3,4t 
1905.092(4) 4,4 811.043 115. 1094 4,4 
712.079 6.9 1193 5,4- 
363.540 0.36 1541.5 3,3 
289.722 0.16 1615 4,3 
2001.950(6) 5,4 907.927 9.4 1094 4,4- 
808.910 52. 1193 5,4 
690.494 6.0 1311 6,4 
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1930.278(16) 2,2k 1930.49  0 0,0k 
1850.46 22. 79 2,0k 
1034.517 5.1 895 3,2 
653.879 0.33 1276 2,0k 
1994.824(16) 3,4(212 1914.97 40. 79 2,0k 
1730.89  264 4,0k 
718.574 1.2 1276 2,0k 
338.547 0.41 1656 4,0k 
2080.356(7) 4,2k 1816.34 22. 264 4,0k 
1259.270 12. 821 2,2k 
669.255 6.1 1411 4,0k 
587.253 0.33 1493 2,0k 
177.619 0.12 1902 6,0k 
150.083 0.05 1930 2,2k 
1936.578(11) 1,1 1936.40 30. 0 0,0k 
1856.8 5. 79 2,0k 
577.690 0.52 1358 1,1 
150.480 0.09 1786 1,0 
1972.309(14) 2,1 1892.63 30. 79 2,0k 
1151.192 6.6 821 2,2k 
1076.524  895 3,2k 
430.731 0.12 1541.5 3,3 
2022.322(5) 3,1 1942.69 64. 79 2,0k 
1758.49 18. 264 4,0k 
480.619 3.5 1541.7 4,1 
236.216 0.14 1786 1,0 
2097.564(5) 4,1 - 1833.43 38. 264 4,0 
1201.757 26. 895 3,2k 
1102.805 6.1 994 4,2k 
979.996 30. 1117 5,2k 
666.103 0.8 1431 3,1 
555.866 0.8 1541.7 4,1 
523.480 0.37 1574 5,1 
482.190 0.41 1615 4,3 
2129.294(6) 5,1 1865.10 40. 264 4,0k 
1580.72 38. 548 6,0k 
865.329 6.5 1263 6,2k 
215.354 0.10 1913 3,0 
106.974 0.44 2022 3,1 
1999.230(3) 3,3 457.664 58.9 1541.5 3,3 
429.779 20.5 1569 2,2 
365.763 9.4 1633 3,2 
280.048 0.64 1719 4,2 
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2089.341(3) 4,3 547.805 18.4 1541.5 3,3 
474.004 20.1 1615 4,3 
381.343 5.5 1707 5,3 
370.170 6.4 1719 4,2 
268.880 0.49 1820.4 5,2 
90.104 0.22 1999 3,3 
2200.414(2) 5,3 585.066 9.8 1615 4,3 
492.427 6.0 1707 5,3 
380.286 1.9 1820.1 6,3 
481.239 3.34 1719 4,2 
379.954 2.6 1820.4 5,2 
250.784 0.27 1949 6,2 
201.160 0.09 1999 3,3 
111.068 0.72 2089 4,3 
2030.48(4) 4,4k 1481.71 10. 548 6,0k 
912.910 5.3 1117 5,2k 
2055.909(7) 4,4k 1234.760 30. 821 2,2k 
1160.077  895 3,2k 
961.875 35. 1094 4,4 
862.985 8. 1193 5,4 
2169.512(12) 5,4k 1273.738  895 3,2k 
1174.557 7.6 994 4,2k 
1051.860 4.1 1117 5,2k 
736.561 1.3 1432 7,2k 
976.498 11.0 1193 5,4 
858.063 3.7 1311 6,4 
2059.971(2) 4,4 965.937 65. 1094 4,4- 
518.405 1.3 1541.5 3,3 
444.638 2.6 1615 4,3 
351.970 0.65 1707 5,3 
231.911 2.0 1828 3,3 
167.040 2.9 1892 4,3 
2148.332(3) 5,4 1054.297 11.0 1094 4,4 
955.339 33. 1193 5,4 
440.340 2.4 1707 5,3 
2137.00(6 2 2136.98 6. 0 0,0k 
2056.84 10. 79 2,0k 
1873.12 4. 264 4,0k 
1142.313 9.0 994 4,2k 
2186.739(3) b 3or 4 	910.547 4.0 1276 2,0k 
645.206 0.24 1541.5 3,3 
571.428 0.46 1615 4,3 
533.202 24.9 1653 
450.048 2.1 1736 
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1569.451C 2,2 475.462 0.63 1094 4,4 
1574.113 5,1 480.129 0.69 1094 4,4- 
1615.339 4,3 211.601 0.20 1403 2,1 
1633.468 3,2 274.602 0.28 1358 1,1 
1653.546 3,3k 111.985 0.11 1541.5 3,3 
1707.990 5,3 1444.06 7. 264 4,0k 
1820.129 6,3 100.953 0.24 1719 4,2 
1828.059 3,3 1563.85 15. 264 4,0k 
1905.092 4,4 84.630 0.46 1820.4 5,2 
1913.899 3,0 502.822 1.06 1411 4,0k 
1994.824 3,4(2),2 258.130 0.76 1736 4,3k  
146.420 2.0 1848 2,2k  
2001.950 5,4 345.669 0.52 1656 4,0k  
2002.445 (3,4)2k 428.295 0.90 1574 5,1 
346.146 0.89 1656 4,0k 
2059.971 4,4 340.802 0.55 1719 4,2 
154.884 2.4 1905 4,4 
2080.356 4,2k 986.403 6.0 1094 4,4 
2089.341 4,3 196.409 0.33 1892 4,3 
2097.564 4,1 378.404 0.74 1719 4,2 
192.469 0.19 1905 4,4 
2108.971 5,2 k 288.895 0.21 1820.1 6,3 
2118.785 6,4 1854.5 4. 264 4,0k  
2148.332 5,4 1599.22 7. 548 6,0k  
375.128 0.33 1773 6,6 
2169.512 5,4k  138.956 0.16 2030 4,4k  
2185.087 5,0 477.454 0.49 1707 5,3 
2200.414 5,3- 751.504 0.33 1448 74_ 
307.481 0.22 1892 4,3 
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Parentheses around level energy indicate that the assignment is 
tentative. 
b 	These two levels have not been grouped into rotational bands. No 
K quantum number is put forward. 
The following transitions may be placed on energy fit and 
multipolarity grounds but represent, in each case, the only 
transition between the two rotational bands involved. Given the 
consistency of decay patterns evident throughout the scheme, 
these transition placements are considered tentative. They are 
listed here for completeness but are not included in the level 
scheme figures (figs. 11-16). 
transitions to the oss. The 1403.733 keY level can have JR = 1, 2 - or 3 from 
multipolarity considerations. However, since the present ARC measurements show that it 
must have either a JR value of 2 - or 5, the combination indicates a unique JR assignment 
of 2 - . The 1760.757 keV level, defined by a Ritz combination of five depopulating 
transitions, two of them intra-band, can have either 5 or 6, defined by El transitions to 
the 6 and 5 states. However, the non-observation of this state in &c leads to a unique 
gY assignment of 6. The 1541 .706 keY level has JR values of 3 or 4 from multipolarity 
considerations. However, the 219.050 keV transition from the 1760.757 keY 6 - level 
results in a unique 4 assignment for the 1541.706 keV level. 
The 2 - to 6 - levels clearly form a rotational band as evidenced by the interconnecting 
low-energy transitions. The remaining 1 level at 1358 keY cannot belong to another band 
since no higher-spin members exist as shown by the ARC measurements. The possible 
incorporation of this state into the band labelled = 3 at 1541.5 keV is clearly 
unacceptable both on energy grounds and because of the radically different decay patterns 
of the two bands. 
The present level scheme differs somewhat from that of Michaelis et al. The 1 band-
head here at 1358•894 keV is some 4 keY higher and closer to the 1357 keY level energy 
resulting from the (d, p) study of Harlan and Sheline. The high-resolution capability in the 
present study enabled the 1541.706 keV 4 state to be resolved from another close lying 
(152 eV distant) 1541552 keY state. The presence of this 4 member, which had been 
surmised by Michaelis et al, is now firmly established. The 6 member at 1760.757 keY is 
presented here for the first time. 
3.2.6. The 	= 0' band at 1422 ke V. Three positive-parity states at 1493131, 1656.269 
and 1902-692 keV were observed to decay to the GSB and the first two also feed the y band; 
they are connected by low-energy transitions of 163.137 and 246.422 keY. The 
1493• 131 keV state connects by an E2 transition to 0, thereby uniquely determining a J 
value of 2 + for this state which agrees with the 2 + or 5 + assignment provided by the 
present ARC results, although it is at variance with the 3 or 4 + assignment originally put 
forward by Bollinger and Thomas (1970). 
Since the 1656.269 keY level connects by an E2 transition to 6 and by another 
transition to the 1493.131 2 level, it has a unique JR  value of 4. The 1902692 keY 
state connects by an E2 transition to the 6 state and it also de-excites by weaker 
transitions of undetermined multipolarity to 4 and 8. As this state is not observed in 
ARC, it must have J> 5. This evidence consequently points to a unique JR value of 6 + for 
the 1902.692 keY level. Since the ARC data disclose the complete set of J= 2 to 5 states in 
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this energy region, the absence of extra 3 or 5 levels, and the 6 + . 4 + and 4 + -p2 + 
interconnecting transitions, establish a 2 -4 -6 + band sequence which must therefore be 
a = 0 + band. The implied band-head energy would be around 1420 keV, and a suitable 
candidate for the 0'-+2' transition is the 1342.436 keY y ray, whose conversion 
coefficient is compatible with E2 multipolarity. An extended sweep to detect the L 
conversion lines of a transition around 71. 1 keY failed due to the enormous background 
tail of the 79.804 keV 2 -*0 transition. 
Recently, the (t, p) reaction study of Cizewski (1980, private communication), already 
cited in connection with the lower-lying K" =0 '  band at 1217 keY, disclosed another 0 ' 
state at 1410± 10 keY. Again, given the completeness of the level set implied by the ARC 
data, this level can only be the band-head of the K" = 0 + band under discussion. 
3.2.7. The K"=3 band at 1541 .5 ke V. An El transition to 2 and an Ml transition to 
the 4 state at 1094 keY give a unique J" value of 3 for the 154 1-554 keY state. 
Similarly, an El transition to 3 and an Ml transition to the 5 level at 1193 keV give a 
value of 4 for the 1615.339 keY state. The 1707.990 keV level depopulates to the 4 
and 6 levels of the K" =4 band based at 1094 keY, both of these transitions having Ml 
multipolarity, whence a unique J" assignment of 5 for this level results. Since the 
1820.129 keY level depopulates by an Ml transition to the known 7 member of the 
=4 band, and to a 5 + state, a unique J" assignment of 6 is assured. The level at 
1950.803 keY decays by an Ml + E2 transition of 344•954 keV to a known 8 state, and 
by other transitions of undetermined multipolarity to 6 and 5 states. Therefore it can 
only have a J" assignment of 7. 
Once again, this entire sequence of levels is interconnected by a complete set of stop-
over and cross-over transitions, thereby establishing a band relationship. This is further 
supported by the fact that all members of this band depopulate by inter-band transitions 
solely to the K" = 4 band at 1094 keV and to the y band. 
While the y decay of the states in this band is in reasonable agreement with that 
proposed by Michaelis et a! (1970), the y transitions from this band to the GSB proposed by 
Michaelis et al were not substantiated by the results of the Ritz combination analysis. 
3.2.8. The K'=2- band at 1569 keV. The 1569452 keY level de-excites via El 
transitions to the 2 and 3 levels, therefore limiting the .1" value to 2 - or 3. Since the 
ARC measurement results in 2 or 5 for this state, this state has a unique .1" value of 2. 
The 1633.468 keY level de-excites to the 2, 3 and 4 states, the transition to 3 having 
El multipolarity. The 3 assignment proposed for this level agrees with the findings of 3 
or 4 from the ARC data. The 1719.173 keY level decays by El transitions to the 4 and 
5 levels, limiting the J" values to 4 and 5. Since the ARC results gave 3 or 4 for this 
level, a unique assignment of 4 can be attributed to the 1719.173 keV level. The 
1820-471  keV level, which decays by El transitions to the 4 and 6 levels, consequently 
has a unique F' value of 5. The 1949631 keY level decays by y transitions to the 4 and 
7 levels; this limits the F' value to 5 + or 6 - . Non-observation of this level in ARC leaves a 
unique assignment of 6 for the 1949•63 1 keV level. 
The grouping of the entire sequence into a single band can be inferred from the energy 
spacings, from the common decay pattern, and from the absence of additional unassigned 
negative-parity levels in this region. It is unlikely that this band is K" = 1 rather than 
K" = 2 since the expected energy combination between the inter- and intra-band 
transitions involving the required 1 state cannot be found in the appropriate energy 
interval. 
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3.2.9. The 	=3'  band at 1653 keV. The 1653.546 keY level decays by an El transition 
to the 4 band-head at 1094 keV, and to a 2 level, thereby uniquely determining a P 
value of 3 + for this level. The 1736.686 keV level decays by an E2 transition to 3 and by 
an El transition to the 5 state at 1193 keV, which restrict the P value to 4 + or St As 
the ARC measurements give a 3 or 4 ' assignment for this level, the only compatible P 
value for this level is therefore 4t The level at 1839.344 keV depopulates by an El 
transition to the 13 11 keY 6 - state restricting its P value to 5, 6 + or 7t An intra-
sequence cross-over transition to the 3 state just discussed limits the P value to 5. The 
1961-396 keV state decays to the 1448 keV 7 level, and to a 4 level, thereby restricting 
its P value to 5 or 6. Non-observation in ARC results in a 6 assignment. 
The entire complement of stop-over and cross-over transitions defines a rotational 
band which is further supported by the similarity of the inter-band decay patterns. 
Specifically, each band member exhibits the identical dominant matrix elements for decay 
to the K =2 - band at 1569 keY and the K =4 band at 1094 keV with a weaker set of 
branches to the y band, the 1 band at 1358 keY and the GSB. Finally, this band must have 
= 3 + since the ARC data establish that there is no lower-lying 2 + state available. 
3.2.10. The K'=6 - band at 1773 keV. A level at 1773.201 keVt was defined by four 
depopulating transitions in the Ritz combination analysis, these four transitions going to 
the 4, 5, 6 and 7 members of the K't =4 band based at 1094 keY. Ml transitions to 
these 5 and 6 states and the non-observation in ARC ensures a unique P value of 6 for 
this level. Again, since there is no unassigned lower-lying 5 level, this 6 state must be a 
K" =6 band-head. 
A search was made for the 7 member. The population of a level in the (n, y) reaction 
with such an elevated spin value at higher excitation energies reaches meagre proportions. 
However, from the Ritz analysis, a level is suggested at 1952.01 keY, which decays by a 
640.567 keY transition (Iy =0.19) to the 6 level at 1311 keY, and by an intra-band 
transition of 178.829 keV (I=O.16) to the band-head at 1773.201 keY. As no 
multipolarities are available and as no transitions to the 1193 keY and 1448 keV levels 
were detected, this candidate for the 7 member must be regarded as tentative. It is not 
included in figures 12 and 17, nor are the above y rays listed as placed in table 1. 
3.2.11. The K' =0 - band at 1786 ke V. A strongly excited 1 state at 1786±1 keY was 
observed by Metzger (1976). Transitions to the ground state and first excited state, both of 
El multipolarity, were observed in the present work, thereby defining a unique 1 state at 
1786-091 keV. A weak y transition of 382346 keY has the right energy to connect this 
state to the lower-lying 2 state of the K" = 1 - band. 
The existence of the level at 1914 keY with spin 3 or 4 is established by the ARC 
data. It decays by a pair of El transitions to the 2 and 4 states, uniquely defining a P 
value of3 and an energy ofl9l3.899keV. 
The ARC data show a peak implying a level at 2186 keY, whose intensity would 
indicate a P assignment of 3 or 4. However, the Ritz combination analysis discloses a 
level at 2186.741 keY which decays to the Y state at 1653 keV and the 4 state at 
1736 keY via transitions of Ml multipolarity, thus indicating a P value of 3 ' or 4t The 
resolution of this contradiction implies the existence of an unresolved doublet in the ARC 
spectrum, the second member having an intensity characteristic of a P = 2 - , 5 level. A 
t A level close to this energy is strongly populated in the (d, p) reaction (D 0 Burke 1980, private 
communication). 
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combination of two y rays feeding the 4 and 6 levels, the latter being El, indicates a level 
at 2185.087 keV, which must thus have a J' value of 5. 
3.2.12. The K'=3 - band at 1828 keV. The 1828.059 keV level depopulates via El 
transitions to the 2, 3 and 4 levels. Thus its JR  value is uniquely defined as 3. The 
1892.931 keV level depopulates via Ml transitions to the 4 and 5 members of the 
=4 band at 1094 keY, thereby restricting the JR value for this state to 4 or 5. 
Taken together with the 3 or 4 assignment from ARC, the 1892.935 keY state therefore 
has a unique JR  assignment of 4. The 1983.034 keV level connects by Ml transitions to 
the 5 and 6 levels in the KE  =4 band, thereby limiting the JR value to 5 or 6. The 
ARC data give 2 or 5; hence, a unique JR value of 5 is obtained for the 1983.034 keY 
level. The level at 2091.268 keY depopulates to the 5, 6 - and 7 levels of the KR = 4 
band, the transition to the 5 level having an Ml component. A de-exciting transition to 
77 gives a JR  value of 6. 
3.2.13. The K'= 2' band at 1848 ke V. The 1848366 keY state is based on seven 
depopulating transitions. A de-exciting transition, with an Ml component, to 37 limits the 
possible JR value to 2*,  3 or 4f  The ARC data then establish a JR value of 2. The 
1915.52 keV level depopulates by an Ml transition to 4 7 , and by E2 transitions to 27 and 
47, thereby restricting the f value to 3 ' or 4 ' for this state. The ARC data cannot 
distinguish between these possibilities, and the level would be obscured in the (d, d') 
reaction by a transition to the adjacent 3 level at 1913.899 keY. 
A level at 2002.445 keY was observed to depopulate by five transitions, to 2 7 , 47, 37, 
47, and the 4 ' level at 1411 keV. The Ml multipolarity of the transition to 47 together 
with a transition of undetermined multipolarity to 2 7 restricts the JE  value to 3 + or 4. 
A level at 2108.971 keY was observed to decay to 47, 67 and 57 by transitions of 
either E2, or in two cases undetermined, multipolarity. A level at 2108 keV is observed in 
the ARC data, and assigned as 2 ' or 5f  Thus this level is given a unique JE  value of 5. 
3.2.14. The 	=4 band at 1905 keV. There is a negative-parity state at 1905.092 keY 
which depopulates by two Ml transitions to the 4 and 5 states of the 	= 4 band at 
1094 keV. Hence a JR value of 4 or 5 is possible. Since average resonance capture 
measurements gave 3 or 4 for this state, a unique JR value of 4 results for this 
1905092 keY level. Another level at 2001950 keY depopulates by Ml transitions to the 
4, 5 and 6 levels of the K'= 4 band at 1094 keY, thereby assuring a unique JR 
assignment of 5. A level at 2118.785 keY decays likewise via Ml transitions to the 5, 
6 and 7 levels of the K' = 4 band at 1094 keY, resulting in a unique JR assignment of 
6 for this level. 
3.2.15. The K.' =2 band at 1930 keV. A level around 1930 keY was observed in the ARC 
measurements where a value of 2*  or 5 was proferred although 3*  or 4 could not be 
ruled out. A combination of four y transitions, to 07, 27 and 37, was found in the Ritz 
analysis to depopulate a level at 1930.278 keY. All three transitions have E2 multipolarity. 
Hence a unique J  value of 2 + results for this level. 
A level around 1994 keY was observed in the ARC measurements and is identified with 
the tentative 3 '  level of Tirsell and Multhauf (1973). The Ritz combination analysis 
defined a level at 1994•824 keY which depopulates by four y  transitions. The ARC data 
strongly suggest a JR value of 3*  or 4, although 2 + or 5 + cannot be strictly ruled out. 
An E2 transition of 1914•97 keY eliminates the 5 possibility. 
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A level at 2080.35 keY was observed to depopulate via a number of y transitions. The 
transition to 4 has Ml multipolarity. Hence the P value is restricted to 3, 4 + or 
The ARC data furthermore eliminate the 5 option. A weak transition to the 6 + state at 
1616 keV restricts the JR value to 4 + 
3.2.16. The K=1 band at 1936 keV. A level at 1972.309 keV is defined by four 
depopulating transitions. It depopulates via an El transition to 3. The ARC measurements 
give 2 or 5 for this level. The sole compatible JR value is therefore 2 - . 
A level at 2022.3 22 keY depopulates to 2 via an El transition, and to 4, resulting in 
an unambiguous JR value of 3. This spin is confirmed by the ARC data. 
A level at 2097.566 keV depopulates by no less than eight transitions, principally to the 
Y band and the = 1 band based at 1358 keV. El transitions to 3 and 5 ensure a 
unique JR assignment of 4 for this level. 
A level at 2129-294 keY was observed to decay by four transitions, to 4, 6, 6 and 
the 2022.32 keY level just discussed. The transitions to the GSB both have El multipolarity, 
resulting in a unique 5 assignment for this level. The ARC results gave 2 or 5, which 
supports the adopted JR value for this state. 
In searching for lower-spin members of this band, a combination of four transitions 
depopulating a level at 1936.578 keY resulted from the Ritz combination analysis. Since 
this level connects to the ground state via a 1936.40 keY transition of El multipolarity, a 
unique JR  assignment of 1 was obtained for this level. Moreover, the level at 
1936.578 keY is identified with the level at 1935 ± 1 keV observed in the electron 
bremsstrahlung study of Metzger (1976), where he tentatively assigned spin 1. 
3.2.17. The K' =3 band at 1999 keV. The primary and ARC data define a level around 
1999 keY where the JR value of the state is restricted to 3 or 4. Although there does 
exist a triplet of closely spaced levels here (the other two levels having a JR value of 3 4 
and 5 —see above), the population in ARC to a 3 or 4 level must predominate. The Ritz 
combination analysis produced a level at 1999.230 keY which depopulates to the lower-
lying KR = 3_ band at 1541.5 keY and the K"=2 band at 1569 keY via four secondary 
transitions Three Ml transitions, to the 1541.5 keV, 1569 keY and 1633 keV levels, and a 
feeding transition from the 5 state at 2200 keV, ensure a unique .1" value of 3 for this 
1999.230 keY level. 
A level around 2089 keY is defined by primary and ARC data, again with the JR value 
of the level restricted to 3 or 4. Six secondary transitions were observed as a result of 
the Ritz combination analysis to depopulate to the same two lower-lying bands as did the 
1999 keY state just discussed. Ml transitions connect this 2089.341 keY level to levels at 
1541.5 keV (3 - ) and 1707 keY (5 - ), therefore resulting in a unique JR value of 4 for the 
state. 
The primary and ARC data define a level around 2200 keV, with a JR value of either 2 
or 5. A Ritz combination analysis disclosed a level at 2200.414 keV which depopulates 
by no less than eight secondary transitions. An Ml transition to the 1615 keV (4) state 
results in a unique JR value of 5 for the 2200-414 keV level. 
3.2.18. The KR=4+  band at 2030 keV. A level around 2030 keY was observed in the 
primary and ARC measurements, with a JR value of 3 or 4t A Ritz combination analysis 
in this region disclosed a combination of three weak y transitions defining a level at 
203048 keV. These transitions depopulate to 6 9  and 5 . Thus the J'value is 4' . 
518 	WFDavidson eta! 
3.2.19. The 	=4 band at 2055 keV. The primary and ARC data indicate the existence 
of a level around 2055 keV, with the JR value restricted to either 3 or 4f  A Ritz 
combination analysis in this region of excitation disclosed a level at 2055.909 keV which 
depopulates by an E2 transition to 2, another E2 transition to 3t, an El transition to the 
4 level at 1094 keY, and a transition of undetermined multipolarity to the 5 level at 
1193 keY. Thus the level has a JR value of 4'. 
A level around 2169 keY was observed both in primary and ARC data, where a JR 
value of 2 ' or 5 ' is put forward, although 3 ' or 4 ' cannot be completely excluded. The 
Ritz combination analysis resulted in the establishment of a level at 2169.512 keV which 
decays by six secondary transitions, including one to the 1311 keV (6 - ) level. Hence a 
value of 5 + results for this level. 
3.2.20. The =4 band at 2059 keV. A level around 2060 keV was observed in primary 
and ARC measurements and attributed a J' value of either 3 or 4. A Ritz combination 
analysis in this vicinity divulged a level at 2059.971 keY which depopulated principally to 
the lower-lying = 4 and = 3 bands via six y transitions. Transitions with Ml 
components connect this level to the 4 level at 1094 keY and the JR = 5 level at 
1707 keV. Thus the JR value for this level is 4. 
A level around 2148 keY was observed from the primary and ARC data, whence a JR 
value of 2 or 5 was deduced. A Ritz combination analysis in this region produced a 
level at 2148.332 keV whose decay populates 4 and 5 levels. Thus the JR value must be 
5 - for this state. 
Noting the absence of lower-lying states with JR values of 3 which are not already 
incorporated into existing bands, the foregoing points to a new K = 4 band based at 
2059-972 keY. 
3.2.21. Levels above 2130 keV. In the preceding portions of this section, the levels in 168Er 
resulting from this (n, y) investigation have been characterised and grouped together into 
20 rotational bands. Thanks to the primary and ARC data, all levels below 2130 keY with 
spins from 2 to 5 inclusive have been accounted for in terms of bands. Spin-0 and spin-1 
states, which cannot be populated by primary transitions but can be by secondary 
transitions, have also been characterised. States with spins greater than or equal to six have 
also been characterised from Ritz combination analyses using secondary transitions with 
the result that bands have sometimes been extended upwards to include members with 
spins 6, 7, 8 or even 10 as in the case of the GSB. 
Below 2130 keV excitation energy there are no unassigned levels observed in the 
primary and ARC spectra. Beyond 2130 keY, however, not only is there an extremely rapid 
increase in level density but the de-excitation secondary y transitions are correspondingly 
weaker. The characterisation of these levels becomes an increasingly difficult task resulting 
in a greater chance for erroneous placement of secondary (and sometimes even primary) y 
transitions. Again the correct placement of transitions which de-excite levels above about 
2-1 MeV is affected by the increasing lack of energy precision on these higher-energy 
transitions, remembering that beyond 1400 keV y-ray energy we are really outside the 
domain in which curved-crystal spectrometry excels. 
With these caveats in mind, the decay modes for two more levels at 2137.00 and 
2186.739 keY are put forward in table 6. The grouping together of levels into bands was 
not possible in this region. 
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3.3. Band assignments above 1780 keV 
As mentioned previously, the complexity of the level scheme at higher energies necessitates 
the introduction of additional arguments to arrive at an unambiguous grouping of the 
relevant states into bands. It is probable that, with increasing excitation energy, band 
mixing will occur and the assignment of pure K values and intrinsic structure may be an 
oversimplification. The discussion which follows only assumes, however, that a reasonably 
well defined, and not grossly perturbed, band structure continues to exist at these energies. 
However, it will be seen that the states do indeed group rather clearly into familiar 
relationships. 
3.3.1. Negative-parity bands. In considering the remaining unassigned states between 1780 
and 2200 keY, it can be noted that there are 20 negative-parity levels observed. Those with 
spins 2 to 5 form a complete set as established by the ARC data, and it will be shown 
that the fact of this completeness leads unambiguously to the determination of the number 
of rotational bands and their K' values. To facilitate this discussion, the number of states 
of each spin are listed in table 7. 
The existence of two 1 states but only one 2 - level implies unambiguously that this 
region must contain at least one K'= O- band exhibiting only odd-spin band members. 
That there cannot be more than one Kr = 0- band is established by noting that there is 
only one more 5 than 4 level, whereas each Kt  =0 requires a 5 but not a 4 state. 
The existence of only a single K' = 0 band then implies that there must be a single = 
I - band to account for the other 1 state. This also accounts for the 2 state. It is 
interesting to note that the absence of another 2 state then also implies that there can be 
no missed 1 states up to 2200 keV and therefore the spin set in table 7 is indeed complete 
for all spins from 1 to 5. The two additional 3 states must then be band-heads of 
bands. Therefore, this accounts for two 4 states. The other two must then be 
band-heads. Thus the distribution of this set of negative-parity levels can be 
uniquely ascribed to one KR  =0- , one K' = 1, two KR  =3, and two KR  =4 bands, as 
indicated in table 7. 
The allocation of individual levels to these bands depends largely on the observed 
decay characteristics of the levels. The most striking example of this is the set of 3, 4 
and 5 levels at 1999, 2089 and 2200 keV which have a common, unique and unexpected 
characteristic of de-exciting solely to the high-lying Kr  =3 and 2 - bands at 1541.5 and 
Table 7. Numbers of negative-parity states and deduced rotational band structurest. 
j fl 
1 	2 	3 	4 	5 
Number of states 
Unique allocation of these 
to rotational bands 
oneK"=OThand 	 1 	 1 	 1 
one K"=l - band 1 1 	1 1 	1 
two K'=3bands 	 2 	2 2 
twoK'=4Thands 2 	2 
t The tabulation includes all negative-parity levels with spins from F to 5 above 1780 keY 
not already allocated to rotational bands with band-heads below 1570 keV. 
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1569 keV. Furthermore, they are connected by cascade and cross-over transitions. Since it 
has been established that there are no K' = 2- bands, these states must belong to either a 
K' = 3 band or a K't = 1 band. The only possible 1 state which has an energy 
consistent with a K't = 1 band-head for these states is that at 1936 key; however, this 
level depopulates in a completely different manner. Thus the 1999, 2089 and 2200 keV 
levels can be assigned with considerable confidence as a K't =3 band. 
By its isolation and the absence of a nearby 2 - level, the 1786 keY 1 state must 
represent the K't =0 band-head, thus leaving the 1936 keV 1 level as the K't = 1 band-
head. Again, the incorporation of the additional states in these bands is done by demanding 
common decay patterns. The 3 state at 1828 keY must then be assigned as a K" = 
band-head, since there are no remaining unallocated states of lower spin. The characteristic 
branch to they band then points to the inclusion of the 4, 5 and 6 states at 1892, 1983 
and 2091 keV in this band. In this respect it should be noted that the energy dependence of 
transition operators greatly favours the higher-energy transitions to ground and gamma 
bands. The common absence or presence of such branches thus represents a relatively 
strong argument in assigning levels to bands. 
The remaining unassigned 4 level at 1905 keV can now be taken as a K" =4 band-
head, and the associated 5 and 6 - levels are clear simply from assuming an increasing 
energy with spin. Similarly, the 5 level associated with the K" =4 band-head at 
2059 keY is clear. 
3.3.2. Positive-parity bands. It can be seen from figures 13 and 16 that in the energy region 
1840 -+ 2170 keY the current measurements have revealed the existence of 10 positive- 
parity states with ' < 5 In addition, it should be noted that the ARc data ensure that all 
= 3 4 + states have been identified in this region, while completeness for the J" = 2, 5 
states is assured up to an excitation energy of about 1900 keV. In attempting to identify 
band-heads from among the states, the 2 + states at 1848 keV and 1930 keV represent 
initial candidates. However, the possible existence of ' =0 + or 1 + precursors cannot be 
disregarded. Ritz combination analyses in this region of energy did not disclose any decay 
modes that could establish the presence of such levels, nor have any previously reported 
measurements indicated any f't = 0 + or 1 + states in this region. It has therefore been 
assumed that the 1848 keY and 1930 keY levels each represent K" = 2 + band-heads. Such 
an assumption, coupled with the known completeness of the set of f' t = 3 + or 4 + states, 
determines unambiguously the presence of two additional K" = 4 band-heads in this 
region. 
The preceding discussion thus indicates the presence of four positive-parity band-heads 
between 1840 and 2060 keV. However, although several states in this region are connected 
by a number of weak low-energy transitions, it can no longer be assumed, in a region of 
such complexity, that these y rays automatically constitute intra-band transitions since 
mixing between bands could generate equivalent connecting matrix elements for inter-band 
transitions. The band sequences shown in figures 13 and 16 have therefore been established 
by demanding common decay patterns from each band member, and it can be seen that 
such a criterion leads to relatively unambiguous placements of the remaining states into the 
four bands. 
The assignment of the 2030 keV state as an isolated f" = 4 + band-head is supported 
by its weak overall population in the (n, y) reaction. Macphail et al (1975) have shown that 
in deformed nuclei the populations of successive members of rotational bands in the (n, y) 
reaction lie on smooth curves which, for different bands, are essentially parallel. Using 
such a technique it was found that the abnormally low population of the 2030 keY state in 
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the current measurement clearly precluded its inclusion in a band sequence with the other 
available states. 
4. Discussion 
4.1. Comparison with previous studies 
The level scheme for 168Er resulting from the present investigation, and as summarised in 
figures 11 to 17 inclusive and in table 6, is probably the most comprehensive one of its 
kind, at least for a heavy doubly-even nucleus. A total of 79 excited levels, which de-excite 
via over 350 secondary transitions, have been incorporated into no less than 20 rotational 
bands, of which 12 are completely new and are presented here for the first time. Moreover, 
unique J assignments for 74 of these 79 levels have been deduced. This represents 
substantially more information of this type than has been obtained for any other deformed 
nucleus. 
An area of strength in the present study was the ability to detect very weak (typically 
1.0 down to 0.05 photons per 10 000 neutron captures) low-energy y rays which, in 
many cases, were identified in higher-lying bands as intra- or inter-band transitions. Such 
information is invaluable in considering the structure of these bands since when the 
appropriate energy factor is taken into account these transitions can frequently be seen to 
represent the dominant decay mode of the associated levels. 
Comparisons with the results of previous y-spectroscopic investigations of the level 
structure of 168Er can be made, and in this regard the (n, y) studies of Koch (1966) and 
Michaelis ci a! (1970), the (n, e) study of Olma and von Egidy (1974) as well as the fi-
decay study of 168Ho— 168Er of Tirsell and Multhauf (19 73) are cited. 
The GSB, the y band, the 	=4 band at 1094 keV and the K' = 3 band at 
1541.5 keV were originally established in a pioneering study (Koch 1966) which was, 
historically, one of the first applications of curved-crystal spectrometry to neutron capture 
measurements. The present work substantiates his level scheme with some minor 
exceptions. The 8 state is now located at 1624.504 keV rather than at 1626.53 keV and 
there is no evidence for any transition of 556.2 keY between the 1820.129 keV and 
1263.902 keY states (I <0.5), nor is there any evidence from the present study of a 
1277 keY transition connecting the 1541.5 keV band-head to 4 although a transition of 
1277592 keY does depopulate the 4 1541.706 keV level of the K = 1 band to the 4 
state. 
A detailed comparison of the present level scheme with that of Michaelis et a! (1970) 
discloses that, in the case of some 25% of the y-ray placements, the precise energies 
obtained in the current work show the previous placements to be incorrect, which perhaps 
illustrates the dangers in relying solely on limited resolution data derived from Ge(Li) 
singles measurements in the construction of complicated level schemes. Hence, the present 
study places the 1 band-head at 1358.894 keY rather than at 1354.50 keY, and the 5 
member of the K' 2 band at 1820-471  keV rather than at 1827.57 keV. The 3 state 
at 1893.00 keV proposed by Michaelis et al as the band-head of a =3 — band was not 
substantiated. The present study gives a unique Jr  value of 4 for a level at 1892.931 keV, 
which is interpreted as a member of a = 3 band based at 1828.059 keV. 
Wherever a level is observed both in (n, y) and in fl-decay studies, the present level 
scheme agrees well with that of Tirsell and Multhauf (1973) with two exceptions. Their 
placements of transitions to the GSB from the level at 1541.5 were not corroborated, nor 
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was their placement of an 1108.94 keY transition to 2. The Tirsell and Muithauf study 
relied, however, solely on y singles data. 
A rather specialised conversion electron study in 168Er was made by Olma and von 
Egidy (1974) of transitions of energy greater than 1 MeV, mainly in the region up to 
2 MeV. The present data were more comprehensive and sufficiently more precise so as to 
permit more definitive and restrictive multipolarity information to be drawn, although the 
multipolarities put forward by Olma and von Egidy generally agree rather well with the 
present results. 
It is worth adding in this context that the present measurements furnished 
multipolarities of transitions of energies below 1 MeV where progressively larger 
differences in internal conversion coefficients considerably facilitate the differentiation 
among El, E2 and Ml transitions. It was often in dealing with lower-energy transitions in 
the construction of the present level scheme that a definite knowledge of a multipolarity 
enabled a unique Jr  value to be assigned to a particular level. 
4.2. Negative-parity states in 168Er 
In order to investigate the relative contributions of quasiparticle and collective degrees of 
freedom to these states, particle scattering and transfer reaction studies are needed. 
However, in the case of 168Er, surprisingly few studies of this type have been carried out 
compared with the attention that other even-even rare-earth nuclides have received. From 
the literature only the (d, d') reaction study of Tjøm and Elbek (1968) and an early (d, p) 
reaction study of Harlan and Sheline (1967) can be gleaned. 
The (d, p) study led to the interpretation of the members of the 	= 4 (1094 keY) 
and K=3 (1541.5 keY) bands as having 	[6331±3 [521] Nilsson configurations. 
(The ground-state configuration of 167Er is dominantly + [633] and the lowest-lying 
excited state in adjacent odd-neutron nuclei is 3 [5211.) The measured cross sections 
correspond to the full expected Nilsson strengths in both bands. In addition, the = 1 
band based at 1358 keY was tentatively interpreted as the [6331 - 1 -  [512] 
configuration and, again, the full expected Nilsson strength was observed. 
The principal characteristic of the (d, d') reaction is that it strongly populates collective 
states and the relatively weak population of the = 4 (1094 keY) band, for example, is 
consistent with its non-collective character. Thus the weak population of the K' =3 
(1541 -5 keY) band supports the interpretation of this band as being also predominantly 
two-quasiparticle in structure. Conversely, the J =3 members (1913 and 1633 keY) of 
the Kir=0  and 2 bands at 1786 and 1569 keY are both populated strongly in the (d, d') 
reaction, and hence can be interpreted as being based on octupole vibrations. However, the 
= 1 band at 1358 keV is strongly populated in both the (d, p) and (d, d') reactions. 
The question now arises as to the location of the full set of octupole vibrational bands 
(K =0- , 1, 2 and 3). From the preceding discussion, the K =0- and 2 - bands at 
1786 and 1569 keY can be readily assigned, but the K' = 1 and 3 bands at 1358 and 
1541.5 keV seem to exhibit predominantly two-quasiparticle characteristics. Furthermore, 
the (d, d') data reveal no other candidates for octupole excitations in the current level 
scheme. 
t This paucity of reaction data is being rectified. A (t, p) reaction study into 168Er has been initiated (Cizewski 
1980, private communication). One of the present authors (WFD), in collaboration with Professor D 0 Burke 
of McMaster University, has embarked on a detailed study of the nuclear structure of 168 Er using the (d, p) and 
(p, t) reactions. 
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This seeming inconsistency is resolved if the results of microscopic calculations of the 
octupole excitations in this region (Soloviev et al 1964) are studied. These indicate that, 
while the K=0 bands exhibit clearly developed collective properties, in that their 
wavefunctions consist of a superposition of basis states describing several different two-
quasiparticle states, the K' =3 states are practically pure two-quasiparticle states. In 
fact, for 168Er, the contribution of the 	[6331 - 1 -  [ 521] state to the wavefunction of the 
lowest K'= 3 band-head is calculated as 99.8%. The lowest 	= 1 and 2 bands are, 
in most cases, also calculated to have a dominant two-quasiparticle component, with 
admixtures from other states contributing less than approximately 20%. Thus the strong 
population in the (d, p) reaction of the = 1 and 3 bands, and the lack of population 
of the KE = 0 band, is explained. In considering the structure of the K' =2 band and, in 
particular, its lack of population in the (d, p) reaction, it should be noted that in the neutron 
single-particle level scheme, there are no K' 	- orbits near the Fermi surface which could 
couple to the 	[6331 167 Er ground state to yield a K' =2- band. However, in the 
corresponding proton Nilsson scheme, the [4111 and [5231 orbits are both very near 
the Fermi level. Since the (d, p) reaction populates only neutron excitations, it is thus 
possible that the [533] - + [4111 proton state represents a dominant component in the 
wavefunction of the Kr  =2 band-head. 
Finally, a completely new feature that emerges from inspection of the level scheme and 
its depopulating y transitions is the occurrence of a second family of negative-parity bands 
which is located some 500 to 800 keV higher in excitation energy than the first family. 
More specifically, one can cite the following cases to illustrate this interesting point. 
The K'=4- band at 1905 keV depopulates strongly, and almost exclusively, to the well 
known K'=4- band at 1094 keV. Also, there are five transitions which connect levels in 
the K= 1 bands at 1936 and 1358 keY, and the staggering in the level spacings in the 
lower K'= 1 band is mirrored in the upper band. The K'=3 band at 1999 keY is, in 
this context, similarly linked to the lower-lying Kr=2  and 3 bands at 1569 and 
1541.5 keV. 
To summarise, while the identification and structure of the lowest set of octupole 
excitations seems clear, a proper and systematic analysis of the make-up of states in 168  Er 
must await the results of the new transfer reaction studies currently in progress in order to 
substantiate the configurations given above and characterise the numerous other levels 
now known to exist following the present (n, y) study. Proton transfer studies would be of 
particular interest, to investigate the dominance of the suggested two-proton-quasiparticle 
component in the = 2 - band. It can be noted that the recent results of transfer studies 
into the neighbouring nucleus 166Er by Panar and Burke (1979) indicate just how well 
detailed configuration assignments can now be made in this region of nuclei. 
4.3. Positive-parity states in 168Er 
It has already been pointed out that the complete level scheme of ' 68Er which has resulted 
from the current work should provide an exacting test for theoretical descriptions of well 
deformed nuclei. In this respect, the SU(3) limit of the interacting boson approximation 
(Arima and lachello 1978) can be cited in particular, since it can offer a description of all 
the collective multi-phonon excitations, up to a limit set by the number of bosons included 
in the calculation, which is determined by the number of neutron and proton particles (or 
holes) outside the nearest major closed shells. In the case of 168Er, this number is 16. To 
describe the negative-parity states, an additional f-boson must be included, and the number 
of basis states which then results poses a considerable computational problem. In addition, 
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it can be remarked that the preceding discussion concerning the predominantly two-
quasiparticle nature of the lowest octupole excitations indicates that an essentially 
collective description such as the IBA will probably not be applicable. For the positive-
parity states, however, the calculation is feasible, and further discussion of these states has 
therefore been left to a separate publication (Warner eta! 1980). 
4.4. Completeness of the level scheme 
In reviewing the present level scheme for 168Er it is perhaps worthwhile to comment on its 
degree of completeness. In figure 17 the level scheme resulting from the present study is 
shown in the form of 79 states grouped into 20 rotational bands. The summed intensity of 
y rays below 2.2 MeV which have been fitted into the level scheme exceeds 93% of the 
total possible. 
As already pointed out in the discussion of the ARc data and the band assignments, all 
states with spin 2, 3, 4 ± and 5 up to 2.2 MeV have been located. The level scheme is 
also complete for 2 + and 5 + levels up to 1900 keV. However, it is legitimate to enquire 
whether any other states have been missed. The following three possibilities exist. 
States of lower spin that could be precursors of the bands shown in figure 17. 
States of higher spin that belong to the bands in figure 17, but have not been 
populated with sufficient intensity in the (n, y) reaction. 
States of spin 6 which are members of bands with band-head spin 6. A good 
example of this is the P = 6 level at 1773 keV. 
As for the first possibility, the relative paucity of levels below 1700 keV coupled with 
their expected strong population by cascade transitions (Macphail et a! 1975) renders it 
extremely unlikely that 1 levels could have been missed in this region. Furthermore, an 
analysis of the negative-parity band structure proved that there could not be undetected 1 
levels between 1700 and 2200 keY. Moreover, the possible energies of undetected 0 or 1 + 
states could be severely restricted by the knowledge of the location of the 2 ' or higher-spin 
levels that would, perforce, have had to have been associated with them. Careful 
application of Ritz analyses disclosed no evidence for such states. Clearly, high-spin 
statest, either rotational members of the bands discussed earlier or higher-K band-heads, 
may well remain to be located. 
4.5. Comparison with in-beam studies 
It is instructive to show how the present results from neutron capture y-ray spectroscopy 
complement results from accelerator-based in-beam y-ray spectroscopy. In figure 18 the 
excitation energies of the levels in the 20 bands revealed in the present study have been 
plotted against angular momentum, albeit for the lower spin values. The shaded envelope, 
bounded on its lower side by the GSB (locus of yrast states), represents that region of 
excitation energy that can be accessed through conventional in-beam y-ray studies. The 
information to construct this region has been taken from the ' 60Gd(9Be, 5n) 164Er study of 
Kistner et a! (1978), which is an excellent example of its type and which resulted in the 
establishment of six rotational bands up to spin values as high as 24. Generally the y-ray 
One of us (WFD), in collaboration with Ch Briancon, R J Walen, J Libert and J P Thibaud, has carried out 
Coulomb excitation measurements on 168Er using 385 MeV Kr ions at the heavy-ion cyclotron ALICE at Orsay. 
A preliminary analysis has established the 12 and 14 states at about 1944 keV and about 2564 keV, 
respectively, and the 9 and 10 states at about 1836 keY (tentatively) and about 2071 keY, respectively. 
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Figure 18. All levels assigned to rotational bands in 168Er plotted as excitation energy as a 
function of spin. The hatched area encompasses the region of excitation energy accessible via 
heavy-ion-induced in-beam y-ray studies. See text for further discussion. 
feeding patterns following neutron evaporation in a heavy-ion-induced reaction lie in a 
funnel close to the yrast line; that is, the shaded region in figure 18 would extend only 
several hundred keY up. The shaded region is also typical of the range of excitation 
accessed through low-energy a-particle-induced y-ray studies, an example being the 
'Dy(a, 2n) 166Er reaction studied by West et al (1976). 
With these ideas in mind, one observes that when the 20 rotational bands resulting 
from the present study are superimposed onto this plot, as indicated in figure 18, no less 
than 16 of these bands are partially or completely located above the shaded region. This 
indicates a genuine and fundamental difference associated with in-beam y-ray experiments 
in that they do not access those states of lower spin lying at high intrinsic excitation in the 
final nucleus (the excitation energy when the energy of rotational motion is allowed for and 
subtracted out). 
It is clearly evident, therefore, that the neutron capture reaction, by dint of its 
capability to populate low-spin states indiscriminately, is an exceedingly useful tool to 
investigate states of low spin situated high up in intrinsic excitation energy. 
4.6. Electron monopole transitions from 0 ' states 
Conversion lines of E0 transitions connecting the 0 states at 1217 keV and 1422 keY 
with the ground state were not detected in the present measurements. However, upper 
limits on their intensities were carefully extracted from the spectra. Thus, taking into 
account the measured E2 transitions depopulating those states to 2, upper limits for the 
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dimensionless ratio X(E0/E2) =B(E0)/B(E2) could be deduced. The results are presented 
in table 8. The formalism of Aldushchenkoy and Voinova (1972) and the theoretical values 
for the electronic factor Ok of Bell et al (1970) have been used. 
These low limits on the X values for the 0 '  states do not really enable definite 
conclusions on the structure of these states to be drawn. However, an interpretation of 
either of them as a fl-vibrational state is excluded since the predicted X value would be of 
the order of Xp 4,0 04, fib being the quadrupole deformation parameter. 
5. Summary 
In the present study the successful characterisation of the first 2.2 MeV of excitation in 
168 Er can be attributed to the unusual confluence of five absolutely essential, but disparate, 
elements in the investigation, which are as follows. 
Exploitation of the non-selective nature of the neutron capture reaction, and in 
particular of the guarantee of completeness provided by the ARC data, to ensure population 
of all states not too different from that of the capture state. 
Exploitation of the elevated thermal capture cross section of about 650 b in 167Er 
and the flux of 5.5 x 10 14 neutrons CM-2 s' at the ILL to give a resultant y-ray line list 
spanning five orders of magnitude in intensity. 
Exploitation of the comparatively high 167  Er target spin of + to enable states in 
168Er of spin as high as 6, 7, 8 or even 10 to be populated with the result that rotational 
bands comprising several members emerge. 
Exploitation of the fact that the final nucleus 168Er is itself stable and has the very 
small cross section of 1. 95 b, these two facts enabling the effects of sequential neutron 
capture into other neighbouring nuclei to be drastically reduced. 
Exploitation of high-resolution spectrometers to resolve the complex secondary y 
spectra observed and give very precise energy measurements to permit the Ritz 
combination principle to be employed with confidence. 
The coupling together of these five criteria, and their exploitation to the full, underpin 
the current experimental results. 
At this stage one can think of two possible further developments. The first is to try to 
characterise other nuclei to a similar degree of completeness as has been done here for 
168Er, not only in adjacent nuclei whence systematics could then be determined but further 
afield in other regions of the nuclide chart. However, the crucial criteria just outlined 
severely limit the number of other nuclei that can be studied in comparable detail. 
The second is to exploit the unique opportunity provided here to assess the merits and 
applicability of competing nuclear models in this hitherto virtually unexplored region of 
excitation energy. In particular, while a number of nuclear models present similar 
Table 8. Upper limits on X values for 0 states in '68Er. 
Level (key) 	in 	I (max) 	J(AI)' 	Xc 
1217164 	0+ 	<0004 	11.5(20) 	<0018 
142224 0 	<0004 24.0(5) <0024 
a Observed upper limit on the possible E0 transitions to the ground state. 
b Intensities per 10 4 neutron captures. 
The limits on X were derived as explained in the text. 
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interpretations and predictions for the lowest-lying collective and two-quasiparticle 
excitations, the extension of these models into this new regime may reveal significant 
differences in interpretation which may reflect the relative validity of the different bases 
and coupling schemes employed. 
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Consequences of Completeness in Nuclear Spectroscopy 
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The technique of average resonance neutron capture can lead to the disclosure of sets 
of nuclear levels known to be complete for certain spin, parity, and excitation-energy 
ranges. This perceived completeness contains hitherto unrecognized consequences which 
are shown to present a powerful new tool for nuclear structure studies. 
PACS numbers: 35.40.-h, 21.10.Hw, 24.30.-v 
The more comprehensive nuclear models now 
being developed, such as the interacting-boson 
approximation (IBA), attempt to describe broad 
classes of states over a wide range of nuclei and 
therefore, for their testing, demand correspond- 
ingly thorough experimental techniques. In at- 
tempting to test the predictions of such models, 
It is frequently difficult to make an unambiguous 
correspondence between experimental and theo- 
retical levels because the two sets of states differ 
in number. In this respect most techniques, es-
pecially operator-specific, or direct, reactions 
[e.g., (d, p), (1, p) J, access only those few and 
special States whose relationship to the parent 
(target) state is determined by the action of the 
relevant specialized operator. Other, more non-
specific and generally "feeding" reactions [(heavy 
ion, xn), (p,  2n), etc. 1 may well populate all 
states of a given type but do not provide a guaran-
tee of doing so and thus, one does not know wheth-
er or not the states detected are a complete set. 
However, there does exist one technique, name-
ly average resonance capture (ARC), which can, 
in appropriate cases, guarantee the observation 
of complete sets of levels in certain spin and ex-
citation-energy ranges.' While this recognition 
of completeness has certain important and ob-
vious consequences and Implications, such as 
enabling a search for a one-to-one correspon-
dence between experiment and theory, it is the 
purpose of this Letter to emphasize and discuss 
other more subtle aspects that have not yet been 
exploited but which are extremely powerful and 
unique tools in nuclear spectroscopy and nuclear 
structure physics. In particular, it will be shown 
how the identification of a complete set of states 
in deformed nuclei can lead unambiguously to the 
disclosure of the complete underlying rotational-
band structure in terms of the number of bands 
and their quantum designations. 
Briefly, the ARC technique was initially devel-
oped2 to overcome a difficulty in thermal or sin-
gle resonance neutron capture, namely that of 
the statistical distribution in the primary inten-
sities. It was realized that, if a way could be 
found to simultaneously average over many res-
onances (capture states), for example, with non-
monoenergetic neutron beams, the so-called 
Porter-Thomas fluctuations 2 could be reduced. 
Such a reduction, if sufficient, implies that all 
primary transitions to states of a given J" should 
be approximately equal In intensity (with the ex-
ception of a secular p-ray energy dependence, 
usually taken -E,5 : Reference below to constan-
cy in intensities will always therefore refer to 
the "reduced" intensities 'k= 17 /E 75 ). It then fol-
lows that, up to some excitation energy (dictated 
by the experimental sensitivity), all states of 
given J will be observed or, alternately, none 
will be missed. Current applications of this tech-
nique at Brookhaven National Laboratory employ 
neutron beams centered on 2 and 24 key energy 
with full width at half-maximum - 1 key. The ex-
perimental details have been described else-
where 3 and Reich  summarizes some earlier ex-
amples of the ARC technique. Figure 1(a) shows 
a simple example s where s-wave average capture 
at 2 keY on a O' target leads to a 	capture state 
and El primary transitions populate the full set 
of , 	levels. 
One immediate consequence of this known com-
pleteness for a given set of .1' values is then that 
all other known levels which are not observed 
must have different X values. Thus one has a 
technique of spin assignment by default. This 
aspect has indeed been used occasionally in the 
past4 and we illustrate it here in Fig. 1. Part (b) 
of this figure shows the negative-parity levels of 
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FIG. 1. (a) Levels of 'Os populated (Ref. 5) by El 
primary transitions following average resonance cap-
ture at E. =2 keV. The levels shown constitute the full 
set of j , levels in the excitation-energy region dis-
played. (b) Negative-parity levels of 109P.-1 based on a 
recent study (Ref. 6). The J' values shown are 
those obtained without and with the use of the ARC data 
at E = 2 and 24 keV. 
'"Pd as known before and after a set of ARC 
measurements6 at 2 and 24 keY. Here, s- (p-) - 
wave capture leads to capture states of spin 
( or ). Then dipole primary transitions feed 
final states of spins 3.1 ,  3.f, and . The 	states 
will be particularly weak since they are popu-
lated only by Mi transitions following p312 cap-
ture. While It was certainly useful to detect the 
3. and 4 states in these ARC measurements, 
the most useful information came from the weak 
population of the two levels and, still more 
importantly, from the nonobservation of the 245-
and 645-key levels. Given the J' possibilities 
allowed by other data, the ARC results directly 
yielded . assignments by virtue of the known 
completeness of the observed set of states of 
lower spin. This set of negative-parity levels 
represented the first observation of a complete 
set of low-spin antialigned unique-parity levels 
and as such provided the essential empirical 
basis for the proof 6 of the inadequacy of the par-
ticle-rotor model for such states in this mass 
region and for an extensive test' of the IBA for 
odd-mass nuclei. 
Two other cases where completeness led to ex-
acting tests of nuclear models might also be cited  
here. In the case of the discovery" of the 0(6) 
limit in 196Pt, one of the most striking successes 
of the IBA was its ability to provide a theoretical 
counterpart for all low-spin states observed in 
ARC studies and to predict no others. Converse-
ly, the discovery oLmany more low-spin levels 
in the W—Os.-Pt region than could be explained 
by the simple Nilsson model enabled an interpre-
tation9 to be made of the fragmentation of Nilsson 
strength as a function of varying quadrupole and 
hexadecapole deformations in this mass region. 
The essential point of this Letter, however, 
involves a more subtle and heretofore unexploit-
ed use of the known completeness which arises 
from an ARC measurement, and Is illustrated by 
the following two examples. The first involves 
the low-lying 3. and 3. levels of 1930s shown In 
Fig. 1(a). These consist of the well-known 
and 3. levels near the ground state, which can be 
adequately described in terms of the 3.[510] and 
11512] Nilsson orbits. Next In energy one notes 
a group of three states, each 3. or 4. Then 
there is a large gap before an extensive series of 
states begins to appear. If two (three) of the lev-
els in the middle group were 3. then, since this 
is a moderately deformed nucleus, each of these 
must be a bandhead with a reasonably close-lying 
3. rotational excitation: But that would Imply a 
total of four (six) 3. or 4 levels In the group, 
not three as observed. Thus it is clear that there 
can only be either three K' = 3. bandheads or one 
K'= 3 and one K 9 = 4 bandhead and that at least 
two of the three levels are 3.. No other possi-
bilities exist. Indeed, If the model-dependent 
argument that no negative-parity Nilsson orbit in 
the region has a large decoupling parameter is 
used, then it follows that the uppermost level in 
this group must be 1. 
A more extensive and elegant application arises 
In 168Er. An extensive study'° of the high-lying 
levels of 'o'Er, between 1.0 and 2.2 MeV, has 
been pursued recently and, in all, some twenty 
rotational bands have been identified, 10 including 
10 of the negative parity (see below). Only the 
latter will be discussed here. The ' 67Er ground 
state is 7 ' so that the accessible 168Er capture 
states are 34  and 44 for s-wave capture, 3 and 
4 for p32 capture, and 2, 3, 4, and 5 for 
P3/1 capture. Thus the averaged primary transi-
tions will fall into six groups. In order of de-
creasing intensity at 2 keV (where p-wave cap-
ture is weak) these are the states with .1' values 
of (3, 4), (2, 5), (3, 4), (2k, 5), (1, 6), 
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FIG. 2. (a) Negative-parity levels with 1 J 4 5 of 168Er from a recent (n, y) study (Ref. 10) incorporating the J' 
Information from ARC data at 2 and 24 keV. (b) Allocation (Ref. 10) of the levels in the left panel into rotational 
bands. As discussed In the text, the number of hands and their K values to the right of the dotted line are uniquely 
determined by the ARC data and the full set of bands are also determined subject to some additional assumptions. 
the sensitivity limits were such that all states be-
low 2250 keV in the first two groups were cer-
tainly observed. Given these spin restrictions 
from the ARC data, it is easy to use other data 
on I--ray transition placements and multipolari-
ties to obtain the spin assignments" shown on 
the left in Fig. 2. The figure shows that one 
clearly faces a seemingly nearly impossible task 
in associating these states into rotational bands, 
especially above about 1.7 MeV. However, the 
known completeness can be a new and unique aid 
in doing this. As a trivial example, whereas it 
might normally be assumed that the lowest two 
negative-parity states form a K' = 4 band, the 
ARC data show that this must be so, for there 
cannot be a lower-lying undetected 3 level. How-
ever, the consequences of completeness are 
more far ranging. Indeed, with the knowledge 
that there are no other 2-5 levels, and with no 
other information, it is possible to deduce the 
number of bands of each K value from 1786 to 
2200 key without the need to associate specific 
levels with specific bands. 
To see this most easily, the top part of Table I 
simply lists the total number of states of each J 
value above 1786 keY. The number of 1 - levels 
given is not known to be complete as a direct re-
sult of the ARC data but will be shown below to 
be complete by an indirect, but nonetheless un-
ambiguous, argument. Note that there is one  
more 5 level than 4. Thus there must be either 
a single K'=0 or a single K*=5 band since 
these are the only rotational bands that have 5 
levels but not 4 levels. If there were a 5 band 
then both 1 - levels would then have to be K' = 1 - 
bandheads, each of which would have a 2 rota- 
TABLE I. Negative-parity levels in 168Er and their 
allocation into rotational bands. 
JW 
1 2 3 4 5 
Band structure' 
One A'=O 1 1 1 
One IC'=l 1 1 1 1 1 
Two K'=3 2 2 2 
Two K'=4 2 2 
Number of levels' 2 1 4 5 6 
Band structure' 
One X'=O 1 1 1 
Two Al=l - 2 2 2 2 2 
One K=2 - 1 1 1 1 
Three K'=3 3 3 3 
Three A'=4 3 3 
Number of levelsb 3 3 7 9 10 
'Levels above 1786 keV excepting the 1820-key 5 
level known to be associated with a K' = 2 band at 
1569 key. 
bIncludes all negative-parity levels up to 2200 keV 
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tional level. But there is only one 2 level so 
that there can only be one K' = 1 band and there-
fore the other 1 level must be a member of a 
K' = 0 band. Since we have shown that there is 
one and only one K' =0 and one and only one 
K' = 1 band, it follows then that the set of 1 
levels in Table I must indeed also be complete. 
Given the K' =0 and 1 bands, which together 
account for the two 1 levels, one 2, two 3, 
one 4, and two 5 levels, it is evident that there 
can be no K' = 2 band, since no 2 levels remain, 
and that there must be two K' = 3 bands to ac-
count for the remaining 3 levels. Similarly, 
given this, there must also be two K' = 4 bands. 
Then, all the 1 to 5 levels are accounted for by 
the set of uniquely established bands summarized 
in Table I. 
Once the number of bands and their K values 
are determined, it is immeasurably easier to be-
gin the task of allocating individual levels to spe-
cific bands. This has been done'° for the nega-
tive-parity states In 168Er, primarily with use of 
the additional information from low-energy 7,-ray 
transitions and multipolaritieS connecting the 
various levels Into familial relationships. The 
results are shown in the right panel in Fig. 2, the 
levels just discussed being those to the right of 
the dotted line. In fact, the arguments just used 
can be extended to the entire level scheme, sub-
ject only to the one additional reasonable assump-
tion that there is no missed 1 - level below about 
1600 keY. The set of all l ' to 5 levels below 
2200 keV is given in the bottom half of Table L 
Using arguments exactly analogous to the above 
one can develop two possible sets of bands and K 
values, one of which can be eliminated if one in-
vokes solely the argument that the energies in a 
rotational band do not grossly violate a monotonic 
dependence on spin. The one remaining allocation 
of bands is summarized In the table and can be 
seen to agree with the band assignments in Fig. 
2(b. It is particularly important to note that not 
only have the 1 - -.5 - levels been associated into 
bands but that these are the only low-K negative-
parity bands that exist below 2.2 MeV in '"Er. 
In summary, it has been demonstrated that the 
fact of the identification of complete sets of lev-
els can In itself lead to structure information be-
yond the direct J' Implications of the data. In 
deformed nuclei, the type of analysis introduced 
here has shown that the knowledge that sets of 
states are complete can result In an unambiguous 
description of the total number of associated 
bands and their specific quantum numbers, there-
by offering a new and exacting type of challenge 
for models of such nuclei. 
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Detailed Test of the Interacting Boson Approximation in a Well-Deformed 
Nucleus: The Positive-Parity States of ' 68 Er 
D. D. Warner and R. F. Casten 
Physics Department, Brookhaven National Laboratory, Upton, New York 11973 
and 
W. F. Davidson 
National Research Council of Canada, Ottawa, Ontario K1A 0R6, Canada 
(Received 25 September 1980) 
The interacting boson approximation has been applied to the deformed nucleus 
168E r. 
The parametrization used corresponds to a description close to the SUM limit of the 
model. The calculation, which is the most detailed test of the interacting boson approxi-
mation to date, correctly reproduces the complete sequence of positive-parity collective 
bands below the pairing gap and provides an excellent overall description of their decay 
properties. 
PACS numbers: 21.60.Ev, 21.60.Fw, 27.70.+q 
The interacting boson approximation (IBA)' has 
now been applied to a large number of nuclei with 
widely varying structure, and has met with a 
great deal of success in predicting many different  
properties 2  but no detailed test has yet been made 
in a deformed nucleus. The underlying SU(6) 
group structure of the model basis leads' to three 
limiting symmetries, SU(5), STJ(3), and 0(6), 
© 1980 The American Physical Society 	 1761 
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corresponding in the geometrical description to 
vibrational, rotational, and y-unstable nuclei, 
respectively. While simple analytic expressions 
can be extracted to describe nuclear properties 
in these limits, the detailed description of a par-
ticular nucleus generally requires a complete 
diagonalizatjon of the model Hamiltonian, and 
such a technique then leads naturally to a unified 
description both of nuclei close to the limits, and 
of those in between. A thorough test of the collec-
tive structure predicted by the model for a given 
nucleus naturally requires a complete experi-
mental knowledge of the collective states in that 
nucleus, and of their decay properties. In this 
respect, level schemes deduced via the reaction 
(n, y) provide an excellent basis for comparison, 
since the nonselective nature of the reaction can 
ensure the population of a wide range of states, 
regardless of their structure. In fact, the com-
bination of the techniques of curved crystal spec-
trometer and average resonance capture (ARC) in 
such (n, v) studies has recently led to the estab-
lishment of a level scheme' for "'Er which is un-
doubtedly the most detailed and complete current-
ly available for an even-mass deformed nucleus. 
This scheme is known to be complete' for all 
levels with J<6 and E<2 MeV and thus offers a 
unique opportunity to compare the predictions of  
Kr=O+ K=2+ 
2.0 
1 .0  _______ 
> 
6 













0. _________ 2' 
the IBA with the most well understood and deve-
loped of the geometrical descriptions, that of the 
familiar symmetric rotor, and thereby to assess 
its usefulness and applicability for a large class 
of nuclei. Indeed, recent controversy 5  concern-
ing the overall validity of the underlying basis of 
the IBA is centered on the region of deformed 
nuclei, since it has been suggested that the pres-
ence of a deformed field is incompatible with the 
adoption of a basis consisting only of particles 
paired to L = 0 and 2. Thus it is particularly 
timely to test the IBA in such nuclei. 
The natural starting point in an IBA description 
of a symmetric rotor is the SU(3) limit, and the 
philosophy was to attempt such a description for 
all the positive-parity levels below the pairing 
gap, in as simple a framework as possible. The 
calculations have been performed in the IBA-1 
scheme, with the code PHINT, 8 which makes no 
distinction between neutron and proton bosons. A 
truncated "multipole expansion" of the IBA Hamil-
tonian was used in the calculations, namely 
(1) 
The SU(3) limit of the IBA describes a symmet-
ric rotor with degenerate 13 and y bands. This lim-
it arises naturally from the Hamiltonian of Eq. 








- 8' 	 6' 
________ 	________ + 	3+  












FIG. 1. Levels (Ref. 3) in 168Er compared with the results of an IBA calculation for 16 bosons. Only experimental 
bands below the pairing gap, estimated as 2 MeV, have been included. The constants K and K' of Eq. (1), calcu-
lated from the energies of the first two 2 states, are 0.004 and - 0.010 MeV. The parameter K" was the only one 
varied to optimize the agreement with the experimental energies and the value chosen was 0.015 MeV. 
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the energies of states can be described by the 
expression 
E=(0.75K—K')J(J+l)—KC(A, M), 	 (2) 
where C(A, i) is the Casimir operator.' The first 
term describes the spacings within rotational 
bands while the second, dependent only on the 
Q Q interaction, determines the full set of in-
trinsic energies of the collective bands. Thus the 
constants K and ic' in the STJ(3) limit can be ex-
tracted from the energy of the first and second 
2 + states. Any perturbation to the rigorous SU(3) 
limit can be expected to be in the direction of the 
0(6) limit which occurs at the end of the shell. 
The following procedure was therefore adopted. 
The values of ic and K' were extracted, as de-
scribed above, from the energies of the 2' and 
2 3 ' states. This results in a level scheme in 
which the ground and y bands are well -reproduced, 
but in which the 13  band is degenerate with the y 
band, and in which the higher lying bands lie in 
degenerate groups also, corresponding to the 
multiphonon excitations (1 3y, yy, etc.) of the geo-
metrical model. The pairing term of Eq. (1), 
which is important in the 0(6) limit, was then 
introduced and the parameter K" varied to obtain 
the final calculated sequence of levels, which are 
compared with experiment in Fig. 1. It should be 
emphasized, therefore, that the complete se-
quence of bands shown in the lower part of Fig. 1 
results effectively from the choice of a single 
parameter, given that K and K' were fixed from 
two experimental energies. No attempt to further 
improve the agreement between theory and experi-
ment was made. 
It can be seen from Fig. 1 that the entire experi-
mental sequence of states belonging to K =0 and 
2 bands has been well reproduced. Note that, at-
though for convenience the experimental bands 
have been labeled by K quantum numbers, there 
is no prior assumption of K quantum numbers or 
band structure inherent in the IBA description. 
Nevertheless, not only do level sequences re-
sembling 0 and y bands appear, but also the cal-
culated scheme encompasses the higher lying se-
quences which would correspond to multiphonon 
excitations. Also, given the known completeness 
of the experimental level scheme' mentioned 
earlier, it can be stated that in fact all observed 
positive-parity bands below 2 MeV with K< 5 are 
predicted. The one exception to this is a K 5 = 3 + 
band at 1653 key, which lies outside the bases of 
all the usual collective descriptions, and can only 
be accounted for in the IBA-1 by incorporating a 
TABLE I. Comparison of experimental and theoretical 
B(E2) branching ratios from states of the V  band in 168 Er. 
Transition 	 B(E2;Ji_Jf) 
I f K 	 (Relative) 
IBA 	 EXP a ) 
2+ 0+ , 0 66. 54. 
2,0 100 100 
40 6.0 6.8 
3+ 2+, 0 2.7 2.6 
4+0 1.3 1.7 
2+ , 2 100 100 
4+ 2+ , 0 2.5 1.6 
4,0 8.3 8.1 
1.0 1.1 
2,2 100 100 
5 4,0 4.3 2.9 
6,0 3.1 3.6 
3,2 100 100 
4+2 98.5 122. 
6'- 4,0 0.97 0.44 
6,0 4.3 3.8 
0.73 1.4 
4,2 100 100 
59. 69. 
0 ,U '.' U.,'. 
5+ , 2 100 100 
6,2 39. 59. 
8+ 6+ , 0 0.67 1.8 
8.0 3.5 5.1 
6,2 100 100 
7+2 29. 135. 
aFor  all W=0 or 1 transitions, up to and including the 
77  + 6, , multipolarities have been determined (Refs. 
3 and 7) and measured Mi components subtracted. 
g boson. 
There are, however, emerging discrepancies 
near the pairing gap which may be symptomatic 
of admixtures of noncollective excitations which 
are outside the IBA basis. In particular the high-
est lying K 5 = 2' band is predicted at somewhat 
too high an energy, and in addition, the calcula-
tion predicts a K 5 = 4' band at 1620 keV, while 
the lowest 4 + band found experimentally is at 
2030 keV. 
In order to compare experimental and theoreti-
cal branching ratios, B(E2) values have been cal-
culated. The E2 operator in the IBA is given by 
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Again, in the present calculation, no attempt was 
made to optimize the constants of Eq. (3). In-
stead, these were calculated from the measured 
values of B(E2:0 1 4 -2 1 1 and B(E2:O 1 -'2 2 i and 
thus it should be emphasized that there were no 
free parameters associated with the calculation 
of B(E2) values in this study. 
The results of these calculations for the v band 
are given in Table I and it can be seen that the 
agreement between theory and experiment is ex-
cellent. The only significant apparent discrepan-
cy is that for the 8 + - 7 + transition, which was 
very weak experimentally and has an unknown Ml 
component. 
It should be remarked that the branching ratios 
predicted for interband or intraband transitions 
alone are very close to those which would result 
from application of the Alaga rules. 8 Hence it 
can be inferred that, although the rigorous sIJ(3) 
symmetry of the IBA has been clearly perturbed, 
in that, for instance, the 13 and y bands are now 
far from degenerate, the wave functions of the 
states are still very close to those of the limit so 
that in a geometrical description, the bands 
would be thought of as having good K quantum 
numbers. The most impressive success of the  
calculation is the correct prediction of the branch-
ing ratios between different bands, shown in Fig. 
2 for those states in the y and 13 bands for which 
branches to all possible bands have been observed. 
Since these ratios are dependent on the relative 
intrinsic structure of the bands, they cannot, of 
course, be obtained from the Alaga rules. 
One crucial feature evident in Fig. 2 is the 
dominance of the branches from the 1 3  band to the 
v band, over those to the ground band. This re-
suits from the basic symmetry properties of the 
IBA Hamiltonian since the 13 and y bands belong 
to a different sU(3) representation than the ground 
state band, and the E2 operator cannot connect 
these different representations. The small P •P 
perturbation which breaks the rigorous Su(3) 
symmetry allows transitions between the two rep-
resentations; however, the dominance of the 13 -y 
transitions remains. In the pure geometrical 
description, 13-y transitions would be forbidden, 
since they would require the destruction of one 
type of vibration, and the creation of another. A 
similar decay pattern could probably be repro-
duced in the framework of a multiparameter, 
multiband mixing calculation in the Bohr-Mottei-
son description, 8  and it is interesting to note that 
3+ 	 4+ 	 5'• 	 7 
INITIAL J 
FIG. 2. Comparison of calculated and experimental values of the summed B(E2) 
strengths from states in the 7 and 
P bands to the y and ground bands. For each initial state the bars represent the sum of all observed or calculated 
transitions to a given final band. The B(E2) values have been normalized to 100 for an intraband transition in each 
case. To keep the figure uncluttered for the 13 band, only the snterband transitions are plotted. 
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the IBA wave functions can in fact be expressed 
in terms of a basis involving the K quantum num-
ber, and that such a transformation automatically 
results in finite admixtures between different 
(pure K) bands, even in the rigorous SU(3) limit.' 
Indeed, it is hardly surprising that the end re-
sults of the two descriptions can be made almost 
equivalent when applied to "good" rotational nu-
clei. The crucial point is the natural appearance 
in the IBA of the specific band admixtures which 
give rise to the strong 3-y branches. It would be 
interesting, therefore, to inquire whether the 
dominance of the 13-y branch occurs in other nu-
clei of this type. The consistent occurrence of 
this feature would further support the validity of 
the underlying basis of the IBA. 
This calculation represents the most detailed 
test to date of the IBA. Although some discrepan-
cies arise for states at higher energies, the over-
all agreement with the data is impressive, both 
in terms of the correct prediction of the com-
plete set of positive-parity bands appearing be-
low the pairing gap, and the reproduction of the 
experimental branching ratios, both interband  
and Intraband. This agreement is particularly 
convincing in view of the extremely simple par-
ametrization chosen for the model Hamiltonian. 
Research has been supported by the U. S. De-
partment of Energy under Contract No. DE-ACO2-
76CH00016. 
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Interacting boson approximation description of the collective states of 168Er 
and a comparison with geometrical models 
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The interacting boson approximation has been used to calculate the positive pan- 
ty states of 168Er below 2 MeV. A simple parametrization has been used which corre- 
sponds to a description close to the SU(3) limit of the model. The predictions have been 
compared with new results available from a recent experimental study. Particular atten-
tion has been paid to the absolute magnitude of predicted B(E2)  values in assessing the 
significance of discrepancies between theory and experiment. Estimates of absolute 
strengths have also been obtained for M 1 transitions in the scheme. The calculations 
correctly reproduce the complete sequence of K = O and 2 bands below the pairing 
gap and provide an excellent overall description of their decay properties. Most impor-
tantly, the predicted dominance of the decay from the fi to the y band, over that to the 
ground state band, which represents a fundamental characteristic of the model in this re-
gion, is reflected by the experimental data. The reproduction of this feature from a band 
mixing approach in the framework of the geometrical description is also discussed, and 
the connection between the two descriptions is explored. 
NUCLEAR STRUCTURE Interacting boson approximation applied 
to "'Er. Calculated levels, B (E2), branching ratios. Single particle 
estimates of B (M 1), B (E 2). Comparison with experimental and band- 
mixing formalism in rotational model. 
I. INTRODUCTION 
In the past few years, considerable effort has 
een applied to test the predictions of the interact- 
ng boson approximation (IBA)' over a wide range 
f nuclei, and the results have shown  that the 
node) represents a very significant step forward in 
he description of collective nuclear excitations. 
['he underlying SU(6) group structure of the model 
asis leads to a simple Hamiltonian which is capa-
)le of describing both the three specific types of 
ollective structure with classical geometrical 
inalogs (vibrational, rotational, and y unstable) 
md the transitional nuclei whose structures are in-
ermediate. In addition, the three geometrical 
lescriptions emerge naturally as subgroups of 
U(6) with specific symmetries, such that vibra- 
tional, rotational, and y-unstable nuclei correspond 
to the SUM, SU(3), and 0(6) limits of the IBA 
Hamiltonian. 
Probably the most familiar and well understood 
of the geometrical descriptions is that of the sym-
metric rotor, 3 corresponding to the SUM limit in 
the IBA, and thus, a detailed study of the model in 
a situation close to this limit should facilitate an 
overall understanding of the correspondences and 
differences between the two descriptions, which 
will then be applicable to a broad class of nuclei. 
In this respect, it should be noted that while for 
any particular limiting symmetry of the IBA, the 
predicted structure is very similar to that of the 
corresponding geometrical limit, there are specific 
differences which result from the symmetry of the 
IBA Hamiltonian, from the explicit inclusion of 
24 	1713 
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the finite number of valence particles, and from the 
adoption of a basis incorporating only pairs of 
valence particles coupled to L =0 and 2. Indeed, 
questions raised concerning the validity of this 
latter assumption in the presence of a deformed 
field  have recently led to considerable controversy, 
and thus the region of deformed nuclei represents a 
particularly crucial testing ground for the IBA at 
this time. 
The extent to which any model can be tested 
depends on the amount of experimental informa-
tion available and, in particular, on the degree of 
completeness of that information. Level schemes 
established from reactions which populate states 
with a specific type of structure leave open the pos-
sibility that some states have not been identified, 
and hence, the correspondence between theory and 
experiment may not be unambiguous. The (n,y) 
reaction to a large extent overcomes these prob-
lems, since its nonspecific nature ensures the po-
pulation of broad classes of states, irrespective of 
their structure. In particular, the recent combina-
tion of the techniques of curved crystal spec-
trometry and average resonance capture (ARC) in 
such (n,y) studies has led to the establishment of 
level schemes with certain unique attributes.' The 
high resolution and sensitivity of the curved crystal 
spectrometer data provide a great wealth of infor-
mation on the decay of the levels and, most impor-
tantly, permit the identification of weak, low ener-
gy transitions which deexcite levels at high excita-
tion energy and which, therefore, frequently 
represent the dominant collective decay modes of 
such levels. The use of the ARC technique can 
provide a unique guarantee that all levels within a 
given spin and excitation range have been identi-
fied. 
The results of such studies have already led to 
perhaps the most thorough test of the predictions 
of the IBA to date, namely that for the Pt-Os nu-
clei6  which represent the transition from the 0(6) 
limit evidenced in 196Pt, towards the SUM limit 
expected in midshell. A more recent investigation 
of the 167Er( n, y) 'Er reaction  with the same tech-
niquës has led to the establishment of a level 
scheme for 168Er, shown in Fig. 1, which is un-
doubtedly the most detailed and complete level 
scheme currently available for an even mass de-
formed nucleus. This detail is exemplified in Fig. 
2, where the decay of the ground, y, and first two 
excited 0+ bands are shown. It can be remarked 
that, in the case of the y band, 28 out of the 29 
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FIG. 1. The complete set of levels identified in 168Er 
in the study of Ref. 7. 
from spin considerations, have been identified. In 
addition, the overall level scheme is known to be 
complete for all levels with J <6 and E <2 MeV. 
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FIG. 2. A portion of the experimental level scheme of 168Er based upon the results of Ref. 7. The deexcitation 
modes of the ground state band, gamma band, and the two 0' bands are shown. 
1715 
vestigate the applicability of the IBA model to a 
well deformed nucleus, and hence, to study the 
specific characteristics of the SUM limit of the 
model. Some of the principal results have already 
been briefly reported elsewhere. 8 The current study 
is also aimed at exploring the relationship of such 
an IBA description to the parallel one which could 
be obtained in a geometrical framework, 3 and at 
quantifying, to some extent, the departures from 
pure collectivity evidenced by the data. 
In order to highlight the effects of the SUM 
symmetry, and to clarify the connection of the IBA 
in this limit with the familiar concepts of the sym-
metric rotor, the perturbation to the rigorous limit 
has been kept as simple as possible. The resulting 
comparison between the two descriptions is dis-
cussed in Sec. V. 
II. IBA CALCULATIONS 
A. Energies 
The calculations have been performed with the 
code PHINT (IBA-D 9 and hence, no distinction has 
been made between neutron and proton bosons. 
The number of bosons implied by the number of 
valence neutrons and protons in 168  Er is 16 and the 
resulting number of basis states involved is thus 
large. The inclusion of an f boson, to generate 
negative parity states, then produces a severe com-
putational problem in terms of the dimensions of 
the matrices which must be diagonalized. In addi- 
tion, given the transfer reaction data available for 
this nucleus, the identification of a set of purely 
collective octupole vibrational bands is difficult, 
and it seems likely that the candidates for such ex-
citations may be significantly perturbed by interac-
tions with known two quasiparticle configurations. 
Such perturbations lie outside the basis of the IBA, 
and hence, for these reasons, the calculations have 
been limited to the positive parity bands below the 
pairing gap, estimated as 2 MeY. Note that in the 
discussion which follows, the familiar terminology 
of "f3"  and "y" bands is used to describe the lowest 
excited K = 0 and 2 bands predicted by the 
model, although, as will be seen later, such a 
description is not precise. 
In keeping with the simple approach mentioned 
previously, a truncated multipole expansion of the 
IBA Hamilton was used in the calculations, name-
ly 
H = —KQQ —K'LL + K"PP. 	 (1) 
The obvious starting point in an IBA description 
of a well deformed nucleus is the SU(3) limit, 
which describes a symmetric rotor with degenerate 
/3 and y bands. This limit arises naturally from 
the Hamiltonian of Eq. (1) when the last term is 
zero. In such a case, the energies of states can be 
described by the expression 
E = (0.75K - K')J(J + 1) —KC(X,p), 	(2) 
where C(X,1i) is the eigenvalue of the Casimir 
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operator.' The first term of Eq. (2) describes the 
spacings within rotational bands, while the second, 
dependent only on the Q Q interaction, determines 
the intrinsic energies of the collective bands. Thus 
the parameters K and K' in the SU(3) limit can be 
extracted from the energy of the first 2+ state, 
which depends only on the first term of Eq. (2), 
and from the energy difference of the second and 
first 2 +  states, which depends only on the second 
term. The eigenvalue of the Casimir operator is 
given by 
C(1)=X2 +, 2 +Xt+3(X+1i). 	(3) 
The ground band representation is denoted by 
(X,) while the next representation, (X - 4,2), in-
cludes the (3 and y bands of the geometrical 
description. Then, Eqs. (2) and (3) lead to 
K = [E(2) - E(2j)]/6(X - 1), 
(4) 
K' = 0.75K - E(2j')/6, 
where k is the number of valence particles in the 
nucleus. 
In the case of 168Er, any perturbation to the 
rigorous SU(3) limit described above can be expect-
ed to lie in the direction of the 0(6) limit, which 
occurs towards the end of the shell. The following 
procedure was therefore adopted in the current cal-
culations. The parameters K and K' were calculated 
from the energies of the 2jF  and 2 states, as 
described in Eq. (4). This results in a level scheme 
in which the ground and y  bands are well repro-
duced, but in which the 13 band is degenerate with 
they band, and in which the higher lying bands lie 
in degenerate groups also, corresponding to the 
multiphonon excitations fly,  yy, etc.) of the geome-
trical model. Clearly, from Figs. 1 and 2, this does 
not correspond to the situation in 168Er. The pair-
ing term of Eq. (1), which is important in the 0(6) 
limit, was then introduced, and the parameter K" 
varied to obtain the final calculated sequence of 
levels. It should be emphasized, therefore, that the 
complete sequence of predicted bands results effec-
tively from the variation of a single parameter 
given that K and K' were fixed from two experimen-
tal energies. No further attempt to improve the 
agreement between theory and experiment was  
made since the philosophy of this calculation was 
to investigate the validity of the IBA in a situation 
as close as possible to the SUM limit. 
B. B(E2) values 
The E 2 operator in the IBA is given by 
T(E2) = a(dts + std)(2)  + 	(dtd)(2) . 	 (5) 
Relative B (E 2) values thus depend on one parame-
ter, the ratio of 13/a, while absolute B (E 2) values 
depend on the absolute magnitude of a. In the 
SU(3) limit, the ratio is —2.958, and in this limit, 
the operator of Eq. (5) cannot connect states be-
longing to different representations (),$). In the 
0(6) limit, the ratio of 13/a is zero, and hence, for 
168 Er it can be expected to lie between the two lim-
iting values. In the present calculation, no attempt 
was made to optimize this ratio. Instead, the mea-
suredvalues io 	 and 
B (E 2;0 -+ 2+ ) were used to calculate absolute 
and unique values of 0 and a. This procedure 
yielded a ratio of —0.68, and allowed absolute 
B (E 2) values to be calculated for all transitions. 
Thus it should be emphasized that there were no 
free parameters associated with the calculation of 
any other B(E2) values in this study. 
While the experimental information available 
from the (n, y) study involves, of course, branching 
ratios and thus relative B(E2) values, the extrac-
tion of absolute B(E2) values in the IBA calcula-
tion by the procedure mentioned above enabled the 
predicted single particle strength of the collective 
E 2 transitions to be estimated. The Weisskopf es -
timate" for the matrix element of a single proton 
transition was used, namely 
(fIT(E2)Ii)2 	
9e2 R
4 	 (6) 
lOOir 
where R, the nuclear radius, was taken as 1.2A 1/3 
fin. This gives a value of 0.0269 e  2 b 2 for the 
B(E2;0— ~ 2) single particle unit (s.p.u.) in 
168Er. In addition, to facilitate comparison of the 
strengths of branches to different bands, the square 
of the appropriate Clebsch-Gordan coefficient has 
been divided out to yield, for each transition, a 
value for the square of the effective intrinsic matrix 
element, i.e., 
K1 —Kj 1 	II = 2 
(Kf 1IMl(E2)IK j ) 2 =B(E2;Ij Kj 
IfKf)1(Ii2KiKf_Kil1fKf)2X 
2il' 
l if 1K1 — Ku =0. 
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Note that the last factor in the denominator of the 
right hand side of Eq. (7) takes account of the 
cross terms involved in transitions between K = 0 
and 2 bands. 
III. RESULTS 
A. Energies 
The calculated level structure of 168Er is com-
pared with experiment in Fig. 3, and it can be seen 
that the entire experimental sequence of states 
below the pairing gap (2 MeY) has been well repro-
duced. Note that although, for convenience, the 
bands have been labeled by K quantum numbers, 
there is no assumption of K quantum number in-
herent in the IBA basis. Nevertheless, level se-
quences corresponding to ground, f3, and y bands 
appear, as well as sequences which, in a geometri-
cal description, would be labeled as multiphonon 
excitations. The IBA wave functions can, of 
course, be expressed in terms of a basis involving a 
K quantum number but it is interesting to note 
that such a transformation results in finite admix- 
tures between different (pure K) bands, even in the 
rigorous SUM limit.' These and other aspects of 
the correspondence between the IBA and geometri-
cal descriptions will be discussed in more detail in 
Sec. V. 
Thus, given the known completeness of the ex-
perimental level scheme mentioned earlier, it can 
be stated that all empirical bands below the pairing 
gap are predicted. The one exception to this is a 
K" = 3 band at 1653 keY which, by definition, 
lies outside the basis of a description incorporating 
only L = 0 and 2 bosons. The origin of such a 
band could be from quasiparticle excitations, or al-
ternately, could be described by the introduction of 
a g boson (L = 4) into the IBA basis. It is, there-
fore, outside the scope of the present investigation 
although the consequences of its introduction and 
in particular the interaction of levels originating 
from the g boson with those of the s-d boson basis 
is an important question. 12 
Despite the excellent overall agreement between 
theory and experiment, certain discrepancies em-
erge near the pairing gap. In particular, the 
highest lying K'=2 band is predicted at too high 
an energy, while the calculation also predicts a 
FIG. 3. Levels in 168 Er compared with the results of the IBA calculation. All K" = 0 and 2 bands with experi-
mental bandheads below the pairing gap (2 MeY) have been shown. The constants K and K ' of Eq. (1) were fixed ac-
cording to the prescription of Eq. (4), and the resulting values are 0.004 and —0.0105 MeV, respectively. The parame-
ter K" was the only one varied to optimize the fit to experimental energies, and the adopted value is 0.015 MeV. The 
KlT=3+ and 4+  bands are not shown (see text). 
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K = 4 band at 1619 keY, whereas the lowest ly -
ing 4 band found experimentally is at 2030 keV. 
The appearance of these discrepancies is probably 
not surprising since, at excitation energies near the 
pairing gap, interactions with two quasiparticle de-
grees of freedom are likely to perturb the purely 
collective description offered by the IBA. In addi-
tion, and as mentioned earlier, the restriction of the 
IBA basis to only L =0 and 2 bosons may eventu-
ally become inadequate at higher excitation ener-
gies. In particular, the incorporation of a g boson in 
the scheme, necessary to generate the 	= 3' 
band at 1653 keV, might also account for the 
discrepancy in the K" = 4+ band energy, since the 
g boson is predicted to interact strongly with this 
band. The (d,d') data of Ref. 13 shows that the 
4 member of the K = 3 band is indeed popu-
lated with significant strength, while the (d,p) data 
of Ref. 14 shows no significant population of this 
band. Both sets of data thus support a collective 
interpretation. 
There is one other general discrepancy which 
should be mentioned, namely the failure of the cal-
culation to reproduce the changes in the moment 
of inertia between different bands. This feature is, 
in fact, inherent in the decision to employ the sim-
ple truncated Hamiltonian of Eq. (1), since such a 
formalism results in almost constant rotational 
spacing for each band. Thus the reproduction of, 
for instance, the 25% increase in the moment of 
inertia of the 13 band is outside the scope of the 
treatment presented here. However, it should be 
noted that the production of bands with differing 
moments of inertia is not outside the scope of the 
IBA model in general. Such effects might be pro-
duced by adding other perturbations to the Hamil-
tonian or by introducing higher order terms. 
B. B(E2) values 
Inspection of Table I shows that the agreement 
between theory and experiment for transitions ori-
ginating within the y band is excellent. Not 
surprisingly, the calculated relative B(E2) values 
between intraband transitions or between interband 
transitions alone follow closely the predictions of 
the Alaga rules. 16  Thus, although the rigorous 
SUM symmetry has been broken by the introduc-
tion of the PP term into the Hamiltonian, so that, 
for example, the 13 and  y  bands are no longer de-
generate, the wave functions are still not greatly 
different from those of the SU(3) limit, and hence,  
in a geometrical description, the bands can still be 
thought of as having good K quantum numbers. 
The important additional achievement of the IBA 
calculation is the correct reproduction of the ratio 
of intraband to interband strengths, which depend 
on the relative intrinsic matrix elements between 
the bands. This feature depends mostly on the re-
lative sizes of the two terms in the E 2 operator of 
Eq. (5), rather than on the perturbation applied to 
the SUM Hamiltonian. The only significant 
discrepancy is that for the 8 -+ 7 intraband 
transition which has a much greater measured in-
tensity than predicted. However, this transition is 
very weak experimentally, with an intensity error 
of 50%. Also, no multipolarity determination 
could be made, and hence, the M 1 component is 
unknown. 
The results of the B (E 2) calculations for transi-
tions from the 13 band are given in Table II. It can 
be seen that the overall agreement is again good, 
although not as prescise as for the y band. In par-
ticular, the predicted intensities of the transitions 
from the 4+  state to the 4 and 5 states are 
severely overestimated. However, the most impres-
sive success of the calculation is again the repro-
duction of the overall observed branches between 
bands, which span three orders of magnitude. One 
crucial feature is evident, namely that the branch 
to the y band is larger than that to the ground 
band, in both theory and experiment. This domi-
nance is particularly significant, since it arises na-
turally in the IBA calculation as a result of the fact 
that in the SUM limit the 13 and y bands both be-
long to the same SUM representation, and this 
representation is different from that of the ground 
band; hence, transitions between the 13 and ground 
bands are forbidden. Thus, while the small pertur-
bation applied in the present calculations breaks 
this symmetry to allow transitions to the ground 
band, the dominance of the branch to the y band 
still remains. The degree of this dominance, how-
ever, as mentioned earlier, depends strongly on the 
ratio of the two coefficients of the E2 operator. 
The closer this ratio is to the SUM value of -2.958, 
the greater the predicted dominance of intra-
representation over inter-representation transi-
tions. Conversely, in the pure geometrical descrip-
tion, the intrinsic E2 matrix element between (3 
and y bands must be zero, since the transition 
would require the destruction of one type of vibra-
tion and the creation of a different type. However, 
as pointed out earlier, the IBA description, even in 
the SU(3) limit, is related to a geometrical descrip- 
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TABLE I. Comparison of experimental and theoretical B (E 2) branching ratios from states of the gamma band in 
' 68Er. 
Transition' 	Calculated absolute 	 Calculated 	 Relative B(E2; I-If) 
I,' 	IJ,K B (E 2; I - if) (K1 I M'(E 2) 1 K 1 IBA 	 Exp.' 
(s.p.u.) 	 (s.p.u.) 
2+ 0,0 1.02 2.05 66.0 54.0 
2,0 1.55 2.71 100.0 100.0 
4+,0 0.09 3.10 6.0 6.8 
3 + 2,0 1.80 2.52 2.7 2.6 
4+,0 0.85 2.97 1.3 1.7 
2,2 66.23 185.0 100.0 100.0 
4+ 2,0 0.55 2.29 2.5 1.6 
4+,0 1.85 2.63 8.3 8.1 
6,0 0.22 3.54 1.0 1.1 
2,2 22.08 184.0 100.0 100.0 
5+ 4,0 1.49 2.34 4.3 2.9 
6,0 1.10 3.03 3.1 3.6 
3,2 35.04 183.0 100.0 100.0 
4,2 34.51 181.0 98.5 122.0 
6 4,0 0.41 2.11 0.97 044 
6,0 1.83 2.52 4.3 3.8 
8,0 0.31 4.01 0.73 1.4 
4,2 42.75 182.0 100.0 100.0 
5,2 25.17 179.0 59.0 69.0 
7+ 6,0 1.29 2.15 2.7 0.74 
5,2 47.19 179.0 100.0 100.0 
6,2 18.58 172.0 39.0 59.0 
8 	6,0 	 0.33 	 1.88 	 0.67 	 1.8 
	
8,0 1.74 2.36 3.5 5.1 
6,2 	 50.14 	 177.0 	 100.0 	 100.0 
7,2 14.49 170.0 29.0 135.0 
a  The 4 -* 3 transition was not observed in the measurement and no meaningful limit on its intensity could be ex-
tracted, since it was obscured by a strong line of similar energy. The 7 -+ 8 transition was measured to be of pure 
M  multipolanty. Thus both these transitions have been excluded from this comparison. 
b  This column lists the squares of the intrinsic matrix elements in s.p.u. extracted from the IBA calculations according 
to Eq. (7). 
C  For all Al = 0 or 1 transitions, up to and including the 7 -* 6, multipolarities have been determined and measured 
M  components subtracted (Refs. 7 and 15). All other transitions have been assumed to be pure E2. 
tion incorporating finite admixtures between bands. 
It is thus of considerable interest to investigate 
whether, and how, a calculation involving band-
mixing in the geometrical formalism can reproduce 
this feature; this point will be dealt with in detail 
in Sec. V. 
The experimental information concerning decays 
from the O band is not as complete as for the  
lower band, and hence, the comparison between 
theory and experiment, given in Table III, includes 
a large number of upper limits on intensities which 
have been extracted from the experimental data of 
Ref. 7. While the overall agreement seems to be 
fair, one notable discrepancy seems to be that the 
experimental branches to the ground band are sig-
nificantly stronger than predicted. However, in 
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TABLE II. Comparison of experimental and theoretical B(E 2)  branching ratios from states of the 0 band in 168Er. 
Transition' 	 Calculated absolute 	 Calculated 	 Relative B(E2;I,-±If ) 
I,' 	If, K B(E2;I,-J1 ) (K! lM(E2)lM 1 ) 2" 	IBA 	 Exp.' 
(s.p.u.) 	 (s.p.u.) 
0 	2,0 0.19 0.19 5.5 5.5 
2 1 2 3.36 1.68 100.0 <28.0 
2 	0,0 0.03 0.17 0.10 0.23 
4,0 0.11 0.21 0.32 1.4 
2,2 0.87 1.53 2.6 4.0 
3t2 1.66 1.66 4.9 m4.9 
33.75 169.0 100.0 
4 	2,0 0.04 0.14 0.09 0.02 
6,0 0.11 0.24 0.23 0.11 
2,2 0.02 1.16 0.04 0.03 
3,2 0.30 1.33 0.63 0.35 
4t2 1.04 1.48 2.2 0.52 
5,2 1.32 1.70 2.8 0.19 
2,0' 47.47 166.0 100.0 100.0 
6 	4+,0 0.04 0.12 0.07 0.02 
8,0 0.11 0.25 0.21 0.07 
4,2 0.05 1.06 0.09 0.11 
5,2 0.38 1.22 0.73 0.32 
6',2 1.02 1.41 2.0 0.93 
4+,0' 51.35 163.0 100.0 100.0 
a  The I -+ I transitions to the ground band were all measured to be of pure M 1 multipolarity, and these transitions 
have, therefore, been excluded from this comparison. The notation 0' refers to the 0 	band. 
b  This column lists the squares of the intrinsic matrix elements in s.p.u. extracted from the IBA calculations according 
to Eq. (7). 
No multipolanty determinations could be made for the 2 + - 2 	and 2 + -~ 3t transitions, which have, therefore, been 
assumed to be pure E 2 in this comparison. No meaningful limit could be obtained for the 2 + 0 intraband transi 
tion, and hence, the 2+ -+ 3 has been used for normalization in this case. 
judging the implications of this discrepancy, the 
predicted absolute E 2 strengths should be con-
sidered. It can be seen from Table III that the 
ground state transitions are calculated to have 
strengths of 10-3 to  10 2  s.p.u. Thus , the IBA 
predicts that, in the purely collective basis, these 
transitions are strongly hindered, and hence, rela-
tively minor perturbations to this pure collective 
description may well be sufficient to account for 
the observed discrepancies. This conclusion is, to a 
certain extent, supported by consideration of the 
I -+1 transitions between both 0 bands and the 
ground band, where multipolarities have been 
determined to be essentially pure M 1 from the ex-
perimental data. A first impression might be that 
such M 1 transitions represent significant 
discrepancies between theory and experiment and 
actually throw some doubt on the overall validity 
of a collective interpretation for these bands. How-
ever, in the next section, it will be shown that these 
transitions correspond to M 1 strengths of 10 -
s.p.u., and thus, that they do not indicate any sig-
nificant departure from collectivity, but rather arise 
because of the weakness of the competing E 2 
modes. 
In order to facilitate the overall comparison 
between theory and experiment for B (E 2) branch-
ing ratios, and to illuminate the essential feature, 
namely, the prediction of relative branches to dif-
ferent bands, it is useful to consider the summed 
B(E2) strength from a given initial state to all 
states in a particular final band. These sums are 
plotted for the y band in Fig. 4, and for the two 
01 bands in Fig. 5. In the case of the y band, it 
can be seen that the overall intraband to interband 
branching is excellently reproduced in all cases. 
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Relative B(E2;11 -+If) 
IBA 	 Exp.' 
2t0 0.01 0.01 0.43 	 m0.43 
2t 2 2.79 1.40 100.0 <0.8 
2,0' 0.01 0.01 0.46 	 <59.0 
2 0.002 0.01 0.006 	 0.09 
4,0 0.007 0.01 0.02 1.0 
2,2 0.74 1.30 2.3 	 1.4 
3,2 1.38 1.38 4.3 2.0 
4,2 0.66 1.52 2.0 	 2.0 
0.001 0.007 0.004 <7.0 
2,0' 0.004 0.01 0.01 	 <7.0 
4,0' 0.009 0.02 0.03 <3000.0 
0+,011 
32.24 161.0 100.0 	 <4000.0 
4 	2t0 0.002 0.008 0.005 0.01 
6,0 0.007 0.015 0.01 0.34 
2,2 0.02 1.15 0.04 0.08 
3,2 0.26 1.17 0.58 0.08 
5,2 1.08 1.40 2.4 0.48 
6,2 0.48 1.69 1.1 <0.4 
2,0' 0.001 0.004 0.002 <4.0 
4,0' 0.007 0.025 0.01 <3.0 
2,0" 45.47 159.0 100.0 100.0 
6 	4+,0 0.002 0.007 0.004 0.05 
6,0 0.003 0.01 0.006 0.48 
8,0 0.007 0.02 0.01 0.32 
5,2 0.34 1.10 0.69 <0.3 
6,2 0.86 1.18 1.7 <40.0 
7,2 0.97 1.40 2.0 <0.6 
8t2 0.44 1.89 0.90 <6.0 
4+,0' 0.0005 0.002 0.001 <0.6 
6t0' 0.01 0.05 0.03 <6.0 
4,0" 48.96 155.0 100.0 100.0 
a The 2 + 	2, 4 + - 4 	transitions have been omitted since their multipolarities were determined to be pure M 1. In 
addition, no meaningful limits for the 4+_  63  and 6+_.4 transitons could be extracted from the data and, hence, 
these have also been excluded. The notation 0',0" refers to the 0 	and ot bands, respectively. 
b  This column lists the squares of the intrinsic matrix elements in s.p.u. extracted from the IBA calculations according 
to Eq. (7). 
M 1 components in the 4 	-k 5 	and 6 	- 6 	transitions have been determined and allowed for. No multipolarity 
determinations could be made for the 2+- 2 	and 2+.~3,t transitions which have therefore been assumed to be pure 
E2. The notation defines the transitions used for normalization in case where an intraband transition was not measured. 
For the fl band (the left side of Fig. 5), the agree-
ment for the three possible branches is also good. 
It should be noted at this point that, in plotting the 
corresponding figure in Ref. 8, the experimental in-
tensity for the 2+ *49+  transition was inadvertent-
ly omitted from the sum for this branch and the 
results of the addendum in Ref. 7 were not known. 
However, the essential conclusion which can be 
drawn from this figure remains unchanged, name- 
ly, the dominance of the branch to the y band. 
The right side of Fig. 5 shows the branches from 
the 0 band, and the similarity between the decay 
patterns of the two 0 bands is evident both for 
theory and experiment. However, as mentioned 
earlier, it is also clear that the ground state branch 
from the 0 band is far stronger experimentally 
than predicted. 
For the decays of the second and third 2+ 
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FIG. 4. Comparison of the calculated and experimental summed B (E2) strengths from states in the y band. For 









FIG. 5. Comparison of the calculated and experimental summed B (E2) strengths from states in the 0 and O 
bands. For each initial state, the bars represent the sum of all observed or calculated transitions to a given final band. 
The normalization for each case is defined in Tables II and III. The symbol (a) denotes that no experimental informa-
tion was available for the strength of the intraband transition in these cases. The symbol (b) denotes that the experi-
mental upper limit for this transition has been plotted. 
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bands, found experimentally at 1848 and 1930 keY, 
the relatively small amount of data available prohi-
bits the formulation of a detailed comparison, as 
made for the lower bands. In particular, those 
transitions that have been observed for the most 
part have no multipolarity determinations associat-
ed with them, or have been measured as predom-
inantly M 1. The IBA calculations predict that the 
dominant branches from both these 2+  bands 
should be to the first and second excited O bands 
followed by the branch to the y  band, while the 
branch to the ground state band is predicted to be 
the weakest. Examination of the data  shows some 
indications that these trends are followed, but no 
detailed conclusions can be drawn. 
In considering the overall quality of the IBA 
predictions for B(E2) values, the specific philoso-
phy behind the calculations presented here should 
be recalled. The purpose of this study was to 
reproduce the essential overall features of the ob-
served level scheme in a situation close to the 
SU(3) limit so that the specific predictions result-
ing from that symmetry could be compared with 
experiment. To this end, the parametrization of 
the Hamiltonian was kept as simple as possible, 
and there were no free parameters associated with 
the E2 operator. Thus the reproduction of quanti-
tative details such as, for instance, the specific 
magnitude of deviations from the Alaga rules evi-
denced by transitions from they and 13 bands are 
outside the scope of such a treatment. However, 
the source and magnitude of the perturbations 
which could give rise to these deviations will be 
discussed more fully in Sec. V. While these 
discrepancies in certain details are evident from 
Tables 1 - 111,  the branching ratio data has specifi-
cally been presented in bar graph form in Figs. 4 
and 5 to emphasize the important features, namely 
the reproduction of gross intrinsic matrix elements 
which range over three orders of magnitude. 
Given this approach, examination of Tables I - III 
and Figs. 4 and 5 show a very good overall repro-
duction of the data, but it is also clear that the de-
tailed agreement becomes less precise as the intrin-
sic excitation energy of the bands increase, the 
most serious discrepancies involving the ground 
state branches. These trends may be principally at-
tributable to two complementary effects. Firstly, 
with increasing excitation energy, the amplitude of 
admixtures of two quasiparticle and other excita-
tions, outside the IBA basis, is likely to increase; 
secondly, it can be seen from Tables I - III that the 
predicted absolute strengths of the ground state 
branches become progressively weaker with in-
creasing bandhead energy. Thus the "purely col-
lective" strength becomes weaker while the noncol-
lective admixtures presumably become larger, and 
hence, the discrepancies between theory and experi-
ment become greater. While there may certainly 
be other explanations for specific discrepancies, it 
seems reasonable that the above effects may contri-
bute to the overall trends observed. It should also 
be noted that in the description of these very weak 
transitions, it is possible that higher order terms in 
both the IBA Hamiltonian and the E2 operator 
may become significant. These considerations also 
show the necessity, in a more general sense, of con-
sidering the absolute magnitude of transition 
strengths in judging the significance of discrepan-
cies between theory and experiment. This point will 
become even more apparent in the next section, 
when the significance of observed M 1 components 
is discussed. In the case of B(E2) values, it is in-
teresting'to note that the level at which disagree-
ments become apparent is not, as might be naively 
expected, 1 s.p.u., but rather <0.1 s.p.u. For in-
stance, the transitions between y and ground bands 
are well reproduced and would certainly be thought 
of as collective, yet their predicted absolute 
strength is - 1 s.p.u. An explanation can be 
found by considering the microscopic structure of 
the collective excitations. Since the E2 transition 
strengths between two quasiparticle Nilsson basis 
states are generally << 1 s.p.u. and since typical 
amplitudes of component two quasiparticle states 
in low lying levels are < I, expected transition 
rates should be << 1 s.p.u. in the absence of 
coherence. Thus, resultant strengths of 0.1— 1.0 
s.p.u. must result from a coherent summation when 
connecting two low lying composite states and, in 
fact, represent definite collective enhancements. 
Finally, in Tables I - III, the squares of the vari-
ous effective intrinsic E2 matrix elements have 
been listed. The constancy of these values for a set 
of transitions to a given final band reflects the 
closeness of the IBA predictions to those expected 
from the application of the Alaga rules in the 
geometrical description. 
IV. M 1 TRANSITIONS 
It was mentioned in the previous section that 
one interesting experimental feature in the decay of 
the two excited 0+  bands is the occurrence of a se- 
quence of I, I transitions to the ground state band 
whose multipolarities have been determined as 
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essentially pure M 1, and that such transitions 
might throw some doubt on the validity of a col-
lective interpretation for these bands. It is thus 
worthwhile to consider the significance of these 
transitions in more detail. 
The occurrence in deformed nuclei of transitions 
from the y band with significant M I components 
has been recognized for some time. The usual ex-
planations for such components have involved the 
assumption of a small departure from collectivity 
in terms of either a small difference between the g 
factors of the ground and gamma bands, or small 
admixtures of unobserved 	= 1 + bands. Howev- 
er, it has recently been shown 15  that the constancy 
and size of the M 1 admixtures in the intraband 
transitions in the gamma bands of deformed rare-
earth nuclei do not support this type of interpreta-
tion, but instead suggest that a collective effect is 
responsible. It was demonstrated that the theory of 
Greiner, 17  which deduces these M 1 admixtures 
from a proposed difference in deformation of the 
proton and neutron cores, meets with considerable 
success. This comparison included, in fact, results 
for the intraband y band transitions in 168Er. 
In assessing the importance of M 1 transitions 
from the 0+  bands, it is thus useful to consider the 
strength of these transitions in absolute terms and 
to compare them with their counterparts in the  
gamma band. To this end, the empirical absolute 
magnitudes (in single particle units) of several M 1 
transitions in the gamma and 0+  bands have been 
calculated. These estimates have been extracted as 
follows: For each case the estimate has been based 
on the value of the branching ratio between the 
M 1 transition of interest and an intraband E 2 
transition. The Weisskopf single particle estimate 11 
for T(aA;0-+A) was used to calculate each 
branching ratio, and the IBA results were used to 
predict the strength of the collective E 2 transition 
in each case. The experimental value for the 
branching ratio then yields an estimate of the sin-
gle particle strength of the M 1 transition. The 
steps in this procedure are listed in Tables IV and 
V, where the first column in each case gives the 
M 1 and E 2 transitions in the branching ratio, the 
second and third columns list the experimental and 
Weisskopf values for this branching ratio, and the 
fourth column lists the calculated strength of the 
E 2 transitions. 
The estimated absolute M I strengths for transi-
tions from the y band are listed in the final column 
of Table IV. It can be seen that the constancy of the 
strengths of the intraband M 1 components is con-
firmed in absolute terms, and is shown to be at the 
level of 8 X 10 4s.p.u. It is also worth noting that 
the two interband transitions which could be es- 
TABLE IV. Estimate of M 1 s.p. strengths for some transitions from the gamma band of 
'Er. 
Calculated 
Transitions 	 T(M I )IT(E2) 	 intraband 	 B(M l) 
Ml/E2 Exp.' 	s.p. estimate  	B(E2) (s.p.u.) (s.p.u.) 
3 j —+ 2i4 
+ 	+ 	 0.49 	 5.0 x 
104 66.2 	 6.5 X 10 
31 —2 
_51+ --,.42+ 
+ 	+ 	 0.03 	 0.10x io 	35.0 	1.1x10 3 —3 i 
6t —* 5i 
+ 	+ 	 0.01 	 0.06 x 
104 42.8 	7.2 X 10- 
62 - 4 
7t -6i 
+ 	+ 	 0.82 	 6.3 x lO 	 47.2 	6.2 x 10 7 —5 i 
7-8t 
+ 	+ 	 0.35 	 1.2 x iO 	 47.2 	1.4 x 10 7 '5 
a  The experimental ratios have been obtained from the data of Refs. 7 and 15. 
b  The single particle estimates have been calculated using the Weisskopf estimate of 
T(aX;0—+X) for each member of the M1IE2 branching ratio listed in the first column. 
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TABLE V. Estimate of M 1 s.p. strengths for some transitions from the excited 0 1 bands 
of ' 68Er. 
Calculated 
Transitions' 	 T(M 1 )/T(E 2) 	 intraband B (M 1) 
M1/M2 Exp.' 	s.p. estimatec 	B(E2) (s.p.u.) (s.p.u.) 
4+'4+  




3.8 	 0.9 x 106 	51.4 2.2 x lO 
4+"4+  
132.4 	 6.6 x 106 	45.5 
4 
9.2 x iO 
6"—+6t 
23.9 	 0.8 x 106 	49.0 1.5 x 10 
6 	—4 
a  The notation I 	', I+" refers to states in the 0 	and 0 	bands, respectively. 
b  The experimental ratios have been obtained from the data of Ref. 7. 
C  The single estimates have been calculated using the Weisskopf estimate of T( ak;0 —f X) for 
each member of the M lIE 2 branching ratio listed in the first column. 
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timated show identical M 1 strengths. Given their 
constancy, the small size of these M 1 amplitudes 
indeed supports a collective origin. 
Turning now to the O bands, Table V indicates 
that the strengths of the pure M 1 I --+I transitions 
to the ground band are actually of the same order 
of magnitude or less than those in the y  band. 
Thus these transitions do not indicate any signifi-
cant departure from collectivity but rather arise be-
cause of the weakness of the competing E2 modes 
which, as can be seen in Tables II and III, are 
predicted to lie at a level of < 0.1 s.p.u. It should 
be noted that M 1 matrix elements have also been 
extracted for the I --+ I transitions between the Oj' 
and ground bands of 174Hf,3 again indicating a 
strength of - 10 -4 s.p.u. in this case. 
One further remark might be made concerning 
the preceding analysis. Since the rigorous collec-
tive model forbids M I transitions in tven-even nu-
clei, the small absolute M 1 strengths extracted in 
the preceding analysis show that the perturbations 
to this concept are indeed very small. Conversely, 
however, the analysis also indicates that the use of 
collectivity as an argument to justify the assumption 
of pure E 2 transitions in deformed even-even nu-
clei is dangerous, since B (M 1) values of only 
lO—- 10 s.p.u. can still result in significant, or 
dominant, M 1 components. 
V. COMPARISON WITH A GEOMETRICAL 
DESCRIPTION 
It is hardly surprising that the results of an IBA 
calculation for a well deformed nucleus such as 
168Er are similar to those which would be obtained 
from the geometrical model, given the proven suc-
cess of the latter for this class of nuclei. It is thus 
of considerable interest to study the relationship 
between the two descriptions both to understand 
the IBA predictions in a familiar framework and to 
highlight the differences between the two ap-
proaches. In this section, therefore, the data for 
the first three positive parity bands of 168Er have 
been analyzed in terms of a band-mixing approach 
and an attempt has been made to compare and 
contrast the results and philosophy of such a treat-
ment with those of the IBA calculations presented 
previously. 
It was mentioned earlier that the IBA wave 
functions effectively incorporate finite admixtures 
between different (pure K) bands, even in the SU(3) 
limit. It was also pointed out that one of the fun-
damental characteristics of this limit was the pre-
diction of a dominant 6 —*'yE2 branch, in con-
trast to the selection rule of the geometrical model 
which would forbid n,6 = 1 —+n7 = 1 transitions. 
The question therefore arises as to the mechanism 
producing this dominance in the IBA, expressed in 
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the framework of a geometrical description. The 
matrix elements connecting 13 and y bands in the 
IBA, even in the SU(3) limit, contain two classes of 
terms  of different origin. One is a AX = 0 term 
arising from finite, albeit small, admixtures of 
K = 0 components in the y band which arise from 
the transformation between Elliott and Vergados 
bases and from the requirements of orthogonality. 
This term is directly analogous to that producing 
fl—ky transitions in the geometrical description via 
13 - y band mixing (see below), except that its 
strength goes to zero in the infinite dimensional 
limit. The second type of term is a direct MC = 2 
term which has no precise analog in the geometri-
cal description although it can be introduced ad 
hoc. This term does not go to zero in the infinite 
dimensional limit and, indeed, is the one responsi-
ble for the IBA prediction of relative 13 - y transi-
tion strengths that agree with the Alaga rules in 
that limit. 
It has long been recognized that the predictions 
of the geometrical model for relative interband 
transition strengths (i.e., Alaga rules) are not pre-
cisely followed and it has become standard practice 
to introduce perturbations, in the form of explicit 
band mixing, to account for these deviations. For 
example, extensive literature (see, for example, 
Refs. 3, 18, and 19) supports the conclusion that 
significant improvement in the predictions of the 
geometrical model for y -p g transitions is obtained 
by the introduction of two band y—g mixing, usu- 
ally specified in terms of a mixing parameter z 7 . 
Similar improvements, while less extensively docu-
mented due to lack of empirical information, are 
obtained for the 13-*g transitions by the use of a 
zp parameter to reflect 13—g mixing. Finally, fine 
0--+gtuning of some of the predicted E2 ~  and 
-y---+g branching ratios has sometim es been ob- 
tained with the inclusion of direct 13y mixing in 
a three-band mixing calculation. 
It is clear that direct fl — y mixing will also lead 
to 13 -+ y transitions via amplitudes leading to effec-
tive intraband matrix elements. However, while 
this implication of the often introduced 13 — y mix-
ing is inescapable, it has not been generally recog-
nized nor studied, again primarily due to the lack 
of data. The recent results for 168  Er, however, pro-
vide an ideal opportunity to test whether explicit 
fl— ,y mixing can account for the observed domi-
nance of 13 --* ,y over 13 -+ g transitions and whether 
the calculated relative (3 -~ y B (E 2) values agree 
with experiment. 
To this end, we have performed three band mix-
ing calculations according to. the usual formalism. 
For y—*g and f3-*g transitions, the formulas are 
given in detail in Ref. 18 and the expressions for 
specific transitions are tabulated. However, for 
f3 —+ y transitions the required expression has not 
yet been presented. It has been derived by Ried-
inger2° and its structure is informative. Assuming 
that the direct AK = 2 (3 — y intrinsic matrix ele-
ment vanishes, one has 
2Q 2Q7 2 
B(E2:I— ~ Ie) 
= 	Q 2 I --z ,1f2 ( Ie ) (I 220 lIe 2) — f2(IY)(Iy 200 IIeO)1 
22 
 
+--zr--P--f2(Ir) ( Ir200IIe0) 	
Q02 	
12 
+ z—j-f o( )(I22 - 21 leO)] 
Qoo 	 Qoo 
(8) 
where fo(I)  =1(1 + 1), 
f2(i)=[(I —  1)1(1+ 1)(I+2)]"2, and the in-
trinsic E 2 matrix elements Q are defined in terms 
of the B (E 2) values by the equations 
B(E2:Og-2g) = 
Q00
2 , 	 (9) 
B(E2:Og —+2y )=2Qy 2[1 — z+2zfl1 ] 2 , 	(10) 
B(E2:Og —+2) = Q02 [1 —  6Z '9 —  4zyQr21Q2]2. 
(11) 
The constants Q, Q7 , and Q00 may be deduced 
from measured B(E2) values, and an assumed 
set of z parameters. 
The first term in the bracket of Eq. (8) arises 
from direct mixing of the 13 and y bands. The last 
two arise from second order mixing via the ground 
band. Noting that Q00 is an intraband matrix 
element and that Q6 is the relatively weak 13-*g 
interband element, it is evident that the last two 
terms are much smaller than the first. Neglecting 
these for the moment, one has 
B(E2:I—kIfi) = QooQv2z2F2(IJ) 	(12) 
where F(I,Iè) is evident by comparison of 
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Eqs. (8) and (12). 
Thus, one has the surprising result that the rela-
tive sizes of the various y-*j3B(E2) values are in-
dependent of z, while scaling approximately as 
Zp7 2 . This independence is in striking contrast to 
the strong dependence on z, and ze of the 'y-+g 
and P--+g transitions where the mixing term is a 
correction to a nonzero intrinsic matrix element. 
Thus, the predicted 13 - y E 2 branching ratios are 
independent of possible uncertainties in the adopted 
value of zo.. For the sake of rigor in the calcula-
tions below, the full Eq. (8) is used rather than the 
approximation of Eq. (12) but in all cases the 
differences are negligible. 
In performing a three band mixing calculation, 
there are six parameters that must be fixed. Two 
of these, B(E2:0 g -+2) and B(E2:05 
were taken from experiment and, as with the IBA 
calculations, these ensure reasonably accurate intra-
band and interband E2 matrix elements for decays 
from the y band. Realizing that Z 7 has virtually no 
effect on f3- y transitions, and that Zpy has a 
much smaller effect on y--+g than on f3-g transi-
tions (see Table III of Ref. 18), z, parameters for 
each y-*g branching ratio were extracted by re-
quiring agreement of a two band mixing calcula-
tion with the data. The adopted value of 
ZY  = 0.038 provides a reasonable reproduction of 
the overall set of y--+g branching ratios. It is clear 
from Eqs. (11) and (12) that the strength of 13 -+ y 
transitions depends approximately on the quantity 
Zfir2/ B (E 2:0 - 2k). Reference to the formulas 
of Ref. 18 shows that the 0-+g branching ratios 
depend on Zfl7 /B (E 2:0-2) as well as z. Note 
that this B(E2) value is unknown empirically. 
Thus the fitting procedure consisted of varying Zp1 
TABLE VI. Comparison of experimental and theoretical B (E2) values for the Ojf  band in 
168 Er. 
Calculated absolute ' Relative B (E 2:It-*Ij )C 
jiff J7,Ka B(E2;1 1-Jj ) (s.p.u.) BM Exp. 	IBA 
2 0,() 0.007 0.02 0.005 	0.002 
4+,0 0.04 0.10 0.03 0.008 
2,2 0.11 0.27 0.10 	0.06 
3,2 0.05 0.12 0. 12 0. 12 
42.85 100.0 
4+ 2,0 0.01 0.02 0.02 	0.09 
6,0 0.07 0.11 0.11 0.23 
2,2 0.06 0.10 0.03 	0.04 
3,2 0.40 0.65 0.35 0.63 
4,2 0.13 0.21 0.52 	2.2 
5 9 2 0.37 0.61 0.19 2.8 
2,0' 61.28 100.0 100.0 	100.0 
6 	4+,0 	 0.02 	 0.04 	0.02 	0.07 
8,0 0.12 0.18 0.07 0.21 
4,2 	 0.35 	 0.51 	0.11 	0.09 
5,2 0.96 1.42 0.32 0.73 
6,2 	 0.13 	 0.19 	0.93 	2.0 
4,0' 67.49 100.0 100.0 100.0 
a  The notation 0' refers to the 0 2 band. 
b  B(E2) values, calculated in the band-mixing framework, using 1 s.p.u. = 0.0269 e 2b2. The 
intraband transitions from the 4+  and 6+  levels were calculated assuming the simple rota-
tional limit dependence on Clebsch-Gordan coefficients. This neglects the small ( <2%) 
correction on these transitions as well due to the mixing. 
C  The column BM gives the relative B (E2) values calculated with the band-mixing formal-
ism discussed in the text [see Eq. (8)]. The IBA entries are the same as in Table II except 
that, for convenience of comparison here, the normalization for the 2 + initial state is 
changed to be the same as in the BM calculation. The experimental transitions are corrected 
for M 1 admixtures and are normalized to an intraband transition except for the 2 + level, 
where none was observed and the 2+ 3+ transition was used instead. 
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to obtain the desired f3—+y  dominance while at the 
same time varying zp and B(E2:0 --+ 2) to ob-
tain reasonable 6 --+ g  branching ratios and to set 
the absolute scale of the 6—*g B(E2) values by 
forcing the calculated and experimental values to 
agree for the 4 -. 6+ transition. From these pro-
cedures, the values z fl = 0.038, z = - 0.00086, 
and B (E 2:0g -+ 2) = 0.0010 e 2b2 were obtained. 
Different sets of z and B (E 2;0g -~ 2) parame-
ters would primarily affect only the 6—+g branch-
ing ratios. 
The essential results are the following: The cal-
culations excellently reproduce the y -+ g B (E 2) 
values, the largest disagreements being typically 
only 20-30%. The detailed results for transitions 
from the 3 band are given in Table VI and it can 
be seen that the [3—+g B(E2) values are reason-
ably well accounted for. 
Of course, given the fitting procedure described 
earlier, the average f3 -+ ylfi -* g branching ratio is 
reproduced. It is interesting, and at first glance 
surprising, to note that this f.3 -* y dominance is 
obtained with a very small z fl parameter value and 
one that is fully consistent with, and indeed 
perhaps smaller than, values typically extracted in 
rare earth nuclei in the past. The clear implica-
tion, therefore, which matches that of the IBA, is 
that one now expects a general f3— y dominance in 
most deformed rare earth nuclei. In retrospect it is 
easy to see why this is so. It results from the 
strength of the intrinsic intraband E 2 matrix ele-
ment, which is admixed by the /3-y band mixing, 
over the 13—g  interband matrix element. 
Lastly, in comparing the band-mixing calcula-
tions with the data one notes that although the 
P - y dominance is reproduced (or, more precisely, 
is defined to be reproduced and the required zpy is 
thereby extracted), the detailed relative fl -+ y 
B(E2) values are not in good agreement with the 
data. It is worth recalling that these are essentially 
invariant [see Eq. (12)] and, therefore, in the con-
text of this model cannot be improved. 
Thus, to summarize at this stage, the empirical 
(3 - y dominance can be reproduced both in the 
IBA basis, where it results naturally from the 
underlying SUM symmetry, and in the band-mixing 
formalism, using a zpy parameter of the same order 
as deduced from previous studies of y—+g and 
P--+g transitions in rare earth nuclei. The quality 
of the overall reproduction of branching ratios 
from the 13 band is comparable in both models and 
in fair agreement with the data, as can be seen in 
Table VI. The essential difference between the two 
descriptions lies in the mechanism by which the 
(3- y dominance is reproduced. In the geometri-
cal description it results purely from mixing 
between /3 and y bands; in the IBA it comes pri-
marily from an intrinsic P--+ ,y matrix element. 
It is important, therefore, to enquire whether the 
experimental information can yield the source of 
the dominance. To this end, following a suggestion 
of Ref. 12, the data for the first three bands have 
been analyzed using the first order I-dependent in-
tensity relations described in Ref. 3. This tech-
nique corresponds to treating the deviations from 
the leading order (Alaga) intensity rules for transi-
tions between any two bands as resulting simply 
from mixing between these two bands and can be 
analyzed in the form of a graphical technique 
known as a Mikhailov plot. 21 The transition 
strengths are given by 
B(E 2;IiKi —. I2K2)= 2 (IiKi 22 II2K2) 2 {Mi +M 2 [12 (12 + l) — I(I + 1)fl 2 
	
(13) 
for AK = 2 transitions, where 
K 2 = K 1 + 2, 
M 1 = (K 2 IM(E2)1K 1 ) —4(K + 1)M 2 
1!1 112eQ02  8ir 
Here, OF2  is the spin independent amplitude describ-
ing the admixture of the two bands and Q 0 is the 
intrinsic quadrupole moment, calculated from the 
experimental value ofB(E2;0g —*2 g ) to be 7.61 b 
for ' 68  Er. Thus, the square root of Eq. (13) can be 
represented by a straight line by plotting 
[B(E2;1 1 K 1 —+IK 2 )J"2  /1/2(I1K122 I IK 2 ) 
against '2('2 + 1) —1(1 + 1). The slope M2 
and intercept M 1 then yield the mixing and intrin-
sic E2 matrix elements, respectively. Note that 
this approach is exactly equivalent to that previ- 
ously described in the two band mixing case, where 
z fl and zpy are zero. Then z., can be expressed as 
- 2M 2 
M I + 4M 
. 	 (14) 
For AK = 0 transitions, the equivalent expressions 
become 
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B(E2;1 1 K–*1 2K)= (1 1K 20 1 12K) 2
1
M1 +M2 [12 (12 + l) – I(I + l]1 2 




M 2 = —I eQ0e0
l6irJ 
To the extent that three band mixing effects are 
important, this approach will be inadequate. As 
pointed out before, these effects are relatively unim-
portant for y--+g transitions, and they are negligi-
ble for /3–+ y transitions. The f3–+g transitions, 
however, can be strongly perturbed by three band 
mixing effects. The use of the two band approach, 
which gives the leading order I-dependent expres-
sions, has, however, two advantages. Firstly, the 
IBA results can be simply studied by this tech-
nique, and the effective coupling and intrinsic ma-
trix elements extracted. This is true only to the ex-
tent that the IBA intensities form a straight line 
when plotted in the format of Eqs. (13) or (15). 
Secondly, the analysis of the experimental f3–+ y 
transitions by this method will automatically yield 
an intercept corresponding to the ad hoc introduc-
tion of an intrinsic /3–+y matrix element into the 
geometrical description. Again, if the data points 
can be fitted by a straight line, such an analysis 
will provide an empirical value for this matrix ele-
ment, and thus distinguish which mechanism is 
responsible for the observed 6--+ ,y dominance. 
Thus, both the IBA results and the experimental 
data for the y--+g, f3–.y, and /3–*g transitions 
have been analyzed in the form of Mikhailov 
plots, and the results for the first case are shown in 
Fig. 6. It is evident from this figure that the IBA 
results can be reasonably well approximated by a 
straight line, and this is true for the other cases 
also. The results of these analyses are presented in 
Table VII, where the extracted values of M 1 and 
M 2 are listed, as well as the implied values of the 
intrinsic E2 matrix element. In addition, the im-
plied coupling matrix element h &K can be extracted 
from the mixing amplitude 4FAK  as follows: 
hAk =Etk[E(K2)–E(Kl)] . 	 ( 16) 
A study of Table VII provides answers to several 
crucial questions. Consider first the intrinsic E2 
matrix elements. The experimental data for f3–+ y 
transitions can be fitted with a straight line 
(X2 = 0. 5), and thus can be used to test for an in-
trinsic matrix element. As shown in Eq. (13), the 
condition for a zero f3 —+ y E 2 element, correspond-
ing to a fJ --- *y dominance arising from fJ — y band 
mixing alone, is given by 
M 1 =-4M2 , 	 (17) 
and it is evident that the data simply do not permit 
such a conclusion and, in fact, give direct evidence 
for a nonzero intrinsic E2 matrix element of 
0.094(7) e b. This empirical result shows that the 
mechanism for the f3– y dominance is exactly that 
predicted by the IBA, and the value of the predict-
ed intrinsic element is within roughly a factor of 2 
of the data. For f3–*.g transitions the IBA intrin-
sic matrix element is again roughly a factor of 2 
too high, so that the ratio of 8 —+ y/fl —+ g matrix 
elements is very similar in the data and the IBA. 
The 'y–*.g E2 matrix element was, of course, used 
to fix the constants of the E2 operator in the IBA 
calculation, and hence, the agreement with experi- 
0.5— 	 Y—g TRANSITIONS 
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EXPERIMENT 
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FIG. 6. Mikhailov plots for transitions between gam-
ma and ground bands in 168 Er. The dashed line 
represents a fit to the values predicted by the IBA calcu-
lation. The solid line represents a linear least squares fit 
to the experimental data, using results for all transitions 
originating from states up to and including the 6 
member of the gamma band. The absolute scale was 
determined from the known value of B(E2;Ot –2) 
for transitions from the 2 1 state, and from the predicted 
absolute strength of the intraband transitions from the 
higher states. Note that by the definitions of Eq. (13), 
12 = I,, and 1 1 = If , and hence, the positive slopes of 
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TABLE VII. Comparison of values of intrinsic and coupling matrix elements extracted 
from Mikhailov plots of the experimental data and the IBA predictions for 168Er. 
Initial and final bands 
	
2-0t 	 0-0j 	 0-2t 
Ex pa 	IBA 	Exp b 	 IBA 	Exp' 	IBA 
M1 	
0.268(6) 	0.269 	0.039(2) 	0.069 	0.108(7) 	0.201 
(e b) 
M2 	—0.0045(5) —0.0014 —0.0006(1) —0.0005 —0.0036(6) 	0.0015 
(e b) 
(K 1  I M(E2) 1K1) 	0.250(6) 	0.263 	0.039(2) 	0.069 	0.094(7) 	0.207 
(e. b) 
(KjIhKIKf) 	
—0.57(6) 	—0.181 	—0.29(5) 	—0.27 	0.28(5) 	—0.11 
(keV) 
a The experimental values are extracted from a linear least squares fit using results for all 
transitions originating from states up to and including the 6 1 member of the gamma band. 
Transitions from the two higher levels were not included because of uncertainties in the M 1 
components. The absolute scale was determined from the known value of B (E2;O —f 2) 
for the transitions from the 2 + state, and from the predicted absolute strength of the intra-
band transitions from the higher states. 
b  All transitions from the 4 and 6 members of the 0 band were included in the linear 
least squares fit, the absolute normalization being based on the absolute predicted strength 
for the intraband transitions in each case. For the Ot—+  21+  case, the strength of the 
2 	3 + transitions, relative to the 2 + —*2 + strength, was included in the fit to the experi- 
mental data. 
ment is to be expected in this case. 
Turning now to the values for the slopes of the 
experimental and IBA lines, we observe that, while 
the empirical value for the fl--+g transitions is well 
reproduced, the y—*g and fl—*y values deviate 
from the data by factors of 	3. However, the sig- 
nificance of these deviations can be judged from 
the corresponding values of the coupling matrix 
elements, 	It can then be seen that they imply, 
at worst, differences of <0.4 keY in the predicted 
and experimental coupling matrix elements 
between the bands. It is important to understand 
this point and its implications. Inspection of Table 
I, for example, shows that while the IBA provides 
an excellent overall description of the relative 
B (E 2) values there are, nevertheless, discrepancies 
of factors of 2 for certain interband transitions. 
These seemingly large differences arise directly 
from differences of - 0.4 keY between the empiri-
cal and effective IBA mixing matrix elements be-
cause the resultant admixed amplitudes (— 10) 
correspond to those for intraband transitions and 
thus their effects are enormously magnified. Given 
the philosophy and consequent simple parametriza-
tion behind the IBA calculations presented here, 
such differences are neither surprising nor disturb-
ing. 
The conclusion concerning the application of the 
IBA to the /3, y, and ground bands of 168  Er is thus 
clear. The calculations have reproduced the abso-
lute intrinsic E2 matrix elements, which range 
over three orders of magnitude experimentally, to 
within a factor of 2 or better. The intrinsic cou-
pling matrix elements between bands have been 
reproduced to within 0.4 keV. In addition, of 
course, the complete sequence of experimental 
bands below the pairing gap has been obtained 
with the exception of the K = 3+ and  4+  bands 
discussed previously. This complete description of 
the collective states resulted from a total of five 
parameters, four of which were fixed from simple 
prescriptions and only one of which was allowed to 
vary freely. 
The 0 band deserves particular attention. This 
band cannot, of course, be included in the three 
band mixing formalism presented at the beginning 
of this section, while the small amount of data 
which exists for the branch to the gamma band, for 
instance, cannot be represented by the I-dependent 
intensity rules. Inspection of Table III, however, 
shows that in the case of transitions from the 4+ 
state, where an absolute normalization is available, 
the branch to the gamma band is overestimated in 
two cases by the IBA, each by a factor of 5, 
while in one case it is underestimated by a factor ol 
2. Thus this information points to a predicted 
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matrix element which is within a factor of 2 of the 
data. The intensities to the ground band are 
overestimated by an order of magnitude, and the 
significance and possible sources of this discrepan-
cy have already been discussed in Sec. III. 
In considering the analog of this band in the 
geometrical model, the natural choice would be an 
n. = 2 assignment. While such a correspondence 
may be correct in part, it should be noted that in 
the geometrical description, the B(E2) values for 
fl y = 2 +fl y = 1 transitions would be expected to 
equal those for fl y = 1 —*n 7 = 0 transitions. In-
spection of the squares of the intrinsic matrix ele-
ments extracted from the IBA results for the corre-
sponding transitions, given in column 4 of Tables I 
and III, shows that in the IBA, the intrinsic E 2 
matrix element between the O band and gamma 
band, is actually half that between the gamma and 
ground bands. Thus it would appear that the 
correspondence between the IBA and geometrical 
descriptions for this and possibly higher bands is 
no longer simple. 
It could be suggested that, since application of 
the first order I-dependent intensity rules, or band-
mixing formalism, gives comparable or better 
results for the detailed relative E2 intensities, such 
a technique represents a preferable description of 
the nucleus. Such considerations should be tem-
pered by the realization that this formalism in-
volves the separate parametrization of the relative 
transition strengths between each pair of bands, in 
the form of an intrinsic E2 matrix element and a 
mixing matrix element. Thus, two parameters 
must be introduced for each pair of bands. In ad-
dition, for a complete description of the level 
scheme, the bandhead energies and inertial con-
stants must be parametrized separately. Complete 
multiparameter calculations along these lines have 
indeed been performed in the past, 22  and, not 
surprisingly, show excellent agreement with the 
data. However, while such an approach is certain-
ly valuable and instructive, it corresponds effective-
ly to extracting the complete set of parameters 
from the data. In contrast, the IBA aims at 
predicting the same set of physical quantities from 
a simple treatment of a Hamiltonian and operator 
which are equally applicable both in neighboring 
nuclei and in those with widely different structure. 
VI. SUMMARY AND CONCLUSIONS 
The calculation described above represents the 
most detailed test to date of the IBA in the region 
of well deformed nuclei. The overall agreement 
with the data is impressive, both in terms of the 
correct prediction of the complete set of positive 
parity states below the pairing gap, and the repro-
duction of the intrinsic E2 matrix elements, both 
interband and intraband, which range over three 
orders of magnitude experimentally. In judging the 
quality of this agreement, it should be emphasized 
again that the complete set of levels and branching 
ratios stem from the use of only one free parame-
ter, the other four constants in the Hamiltonian 
and E2 operator having been fixed from simple 
prescriptions. 
The prediction of absolute B (E 2) values allowed 
the significance of disagreements between theory 
and experiment to be judged, and it has thus been 
shown that in certain cases relatively small pertur-
bations would be sufficient to account for observed 
discrepancies. Similar conclusions apply to the ob-
served M 1 components in the decay scheme, where 
the absolute strengths have been estimated to lie in 
the range of 10—- 10 s.p.u. The additional fact 
of the constancy of these small absolute M 1 
strengths for the intraband transitions in the gam-
ma band supports the concept of an essentially col-
lective origin. 
Undoubtedly, the most crucial result of this 
study is the prediction of the dominance of the 
gamma decay branch from the (3 to the y  band, 
over that to the ground band, which is in agree-
ment with the data. While it has been shown that 
such a dominance can be reproduced in the Bohr-
Mottelson description for a particular nucleus by 
the explicit introduction of /3 - y band mixing, in 
the framework of the IBA, the natural appearance 
of both a direct &K = 2 intrinsic matrix element 
and the specific band admixtures which give rise to 
this feature represents a fundamental characteristic 
arising from the underlying SUM symmetry of the 
model basis and thus represents a global prediction 
for all deformed nuclei. The dominance of 6--+ ,y 
transitions over 13—kg and, indeed, the sizes of 
these relative to the intraband transitions, while 
confirmed and established in more detail by the 
most recent study, 7 are already implicit in a com-
parison of the earlier work of Michaelis et al. 23 
and Koch. 24 It is certainly possible, and indeed 
seems likely, that the dominance of the fl--+ ,y 
branch represents a general characteristic of de-
formed nuclei which has not yet been recognized 
experimentally, although existing results from stud-
ies of ' 58Gd and 172 Y also demonstrate this domi-
nance.22 ' 25 The consistent occurrence of this feature 
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throughout the region of deformed nuclei would 
lend considerable support to the utility of the IBA 
Hamiltonian in providing an apt underlying basis 
for the description of intrinsic collective excitations 
in deformed nuclei. 
Given the very simple parametrization chosen 
for the model Hamiltonian, it is hardly surprising 
that discrepancies appear in the detailed compar-
ison of relative branching ratios between particular 
pairs of bands. Nevertheless, the analysis of Sec. V 
indicates that these discrepancies result from differ-
ences of only a few tenths of a keY in the predicted 
and experimental coupling matrix elements 
between the bands. Such disagreements might be 
partially rectified by "fine tuning" the parameters 
of the Hamiltonian and/or by adding perturba- 
tions. For instance, a reduction in the pairing term 
will lead to a negative value for the /3 - y coupling 
matrix element, in better agreement with the data. 
However, to obtain near perfect agreement in all 
cases, it would probably be necessary to introduce 
higher order terms into both the Hamiltonian and 
the E 2 operator. There is an analogy here with 
the approach used in conventional models. The 
simplest geometrical model gives predictions of ro-
tational bands with constant moment of inertia, 
harmonic vibrations, and transition intensities 
obeying the Alaga rules. Deviations from this sim-
ple picture are introduced via perturbations and 
higher order terms in both the Hamiltonian , to 
describe, for instance, anharmonicities in the loca-
tion of multiphonon excitations and changes in the 
moment of inertia, or in the operator; these lead to 
the I-dependent intensity rules of Eqs. (13) and 
(15). While the IBA description presented here al-
ready incorporates, to some extent, many of these 
higher order effects, and in addition, of course, 
yields automatically a large number of quantities 
which have to be parametrized separately in the 
geometrical model (energies, intrinsic matrix ele-
ments, etc.), it is certainly probable that analogous 
higher order terms must be included in this IBA 
formalism to explain the detailed discrepancies 
which still remain. 
To conclude, it should be emphasized once again 
that while a comparison of the IBA and geometri-
cal descriptions is extremely useful in terms of 
understanding the successes and failures of the 
former in a familiar framework, a comparison of 
the relative quality or usefulness of the two 
descriptions can only be made if the different phi- 
losophies behind each approach are understood. 
The geometrical model as used here involves a for-
malism applicable specifically to deformed nuclei, 
which allows the extraction of all the parameters 
necessary to describe a given nucleus. The IBA 
uses a Hamiltonian which is applicable across a 
wide range of nuclei, and which for a certain com-
bination of terms, provides a prediction for de-
formed nuclei involving very few parameters. The 
most striking example of this is the prediction of a 
dominant /3 -+ y branch which, although unrecog-
nized up to now, has been shown in retrospect to 
arise naturally from the usual bandmixing formal-
ism also; the origin of the dominance in the two 
approaches is, however, different, and it has been 
shown that the data for 168 Er support the existence 
of a direct AK = 2 matrix element, as predicted by 
the IBA. Clearly this question deserves further 
study in other deformed nuclei. The two ap-
proaches, therefore, extractive and predictive, are 
complementary and the analytic techniques avail-
able in the geometrical framework can provide a 
powerful tool to study the source and magnitude of 
additional terms and perturbations that could be 
incorporated in the IBA treatment to perfect the 
description of a particular nucleus. 
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The fourth K 7T = 0 band with bandhead at 1833.5 keY in 168 Er has been identified by combining (n,y) and (n,e) data 
with the results of (t,p) reaction spectroscopy. Possible interpretations of the new band are advanced. 
While low-lying rotational and vibrational levels in 
deformed even-even nuclei can be equally well charac-
terized through treatments based on the Bohr—Mottel-
son (BM) collective model [1] or on a perturbation of 
the SU(3) limiting symmetry [2] of the interacting 
boson approximation (IBA), multiple excitations of the 
low-lying collective vibrations have presented a con-
tinuing problem in that, experimentally, no such states 
have yet been positively identified [3]. Both the BM 
and the IBA models do, of course, provide predictions. 
The BM model, for example, predicts two-phonon exci-
tations built upon the 2 and 0 bandheads leading to 
4+ , 0, 0 and 2, bandheads located at energies 
about two (or more) times the one-phonon excitation. 
Despite starting out from a radically different view-
point, the IBA also predicts the occurrence of multiple 
excitations grouped into different families [2]. How-
ever, in contrast, Soloviev and Shirikova [4] predict 
that not only should collective two-phonon states in 
deformed even-even nuclei be shifted upwards to an ex-
citation energy of 3-4 MeV due to the Pauli principle, 
but that they are in addition fragmented over many  
levels, thereby leading to a situation where they would 
be, at best, extremely difficult to identify experimen-
tally. 
Probably the best nucleus in which to search for the 
presence of multiple phonon excitations is 168 Er. A 
complete and comprehensive level scheme up to 2 MeV 
for 168 Er comprising 20 rotational bands was recently 
constructed following neutron capture spectroscopy 
[5]. Remarkably, it was found that all the known posi-
tive-parity states below 2 MeV with the exception of a 
KIT = 31 band at 1653 keV could be well described in 
a simple IBA treatment [6] using only s- and d-bosons. 
However, Bohr and Mottelson [7] have criticized this 
approach, and they and Dumitrescu and Hamamoto [8] 
have pointed out that a high degree of anharmonicity 
of the 'y-vibrations is implied by the ratio of the energy 
of any possible 41  y'y  bandhead to that of the 'y-band-
head at 821 keV. They have also commented that 
neither the K" 0 nor the 0 band has the expected 
attributes of a 'y'y band, so that they regarded the loca-
tion of yy strength as an open question. On the other 
hand the IBA approach [6] is successful in characteriz- 
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ing the 0 band as largely "13"  in character and the 0 
band as largely "77" of the SU(3) limit, but each con-
taining appreciable other admixtures. 
The purpose of this letter is to report the identifica-
tion of a new excited KIT = 0+ band, the properties of 
which may be relevant to these questions. Several dif-
ferent sets of data have been used in establishing the 
band. These include (1) the results of ref. [5], (2) some 
new measurements [9] with good statistics, using 
curved-crystal spectrometers, of certain portions of the 
7-ray spectrum following neutron capture, and (3) data 
from the 166 Er(t,p) 168 Er and 169 Tm(t,a) 168 Er reac-
tions. All the (n,y) measurements have been carried out 
at the Institut Laue-Langevin, including the new mea-
surements for which the experimental details closely 
follow those described previously [5]. The reaction spec-
troscopy has been carried out at the Los Alamos Na-
tional Laboratory and McMaster University. Each level 
of the new band is discussed separately and the findings 
are summarized in table 1 and fig. 1. 
The 1893 keV level. The existence of this level was 
first shown in the (n, n'7) study of Kleppinger et al. [10] 
who identified from excitation function measurements 
two 7-transitions depopulating a level near 1900 keV 
and made a tentative 2+  assignment. Two circumstances 
had prevented its identification in earlier (n,y) measure- 
ments [5]: the close proximity (163 eV) to a known 
4 state whose feeding in average resonance capture 
(ARC) is an order of magnitude stronger than that to a 
2 state, and that the level lay at the upper bound of 
excitation energy (1900 key) for assured population 
of the 2, 5 states in ARC. The present (n,y) study 
reveals a total of five 7-decay modes. A re-examination 
of the electron spectrum [5] together with a measure-
ment of the intensity of the 675.960 keV 7-ray enabled 
an aK  value of 0.0078(18) to be extracted, which in-
dicates E2 character. As this transition populates an 
I = 0 state the spin and parity of the 1893 keV level 
must be 2+ . 
The 2301 keVlevel. A level at about this energy was 
Table 1 
Decay -y-rays and relative transition strengths for the K 	= OX band in 168 Er. 
Excitation energy Assumed Depopulating 7-transitions a) Measured Multipolarity Relative 
(key) transition E7(z.E7) J7(zJ7) K-conversion transition 
-* J, K coefficient strength 
(Wu) d) 
1893.094(5) 2+, 2+ ,0+ 1813.29(5) 27(5) 0.0019(4) Ml 0.0015 
-* 2, 2 107 1.74(13) 1.7(6) E2 b) 0.2 
-3+ ,2+  997.245(27) 4.2(7) 0.00256(34) E2 0.6 
'0+'0+ 675.960(26) 1.0(2) 0.0078(18) E2 1.1 
_ 2+ , 0+2 616.827(5) 7.2(13) 0.021(4) Ml 0.010 
2031.086(8) 4-*4,0t 1766.99(5) 42(5) 0.0017(3) Ml 0.0009 
, 3+ ,2+  1135 .390(64) 2.1(4) E2 b) 0.06 
, 4+ ,2+  1036.383(58) 3.4(7) 0.0024(8) E2 0.16 
-4+ ,0+2 619.990(8) 19.1(26) 0.0157(20) Ml 0.010 
2246.527(9) 	6-*6,0t 1697.86(7) 12(2) 0.0015(3) 	Ml 	 0.0009 
6, 2 982.644(34) 2.4(7) E2 b) 0.5 
, 7 + ,2+ 813.460(50) 5.4(12) E2 b,c) 	2.7 
- 6+ ,0+2 629.724(9) 6.5(12) Ml b) 0.010 
Intensities per 10000 neutron captures in the reaction 167Er(n,7) 168 Er. 
Multipolarity assumed. 
The 6-7 transition appears to be too strong relative to the other E2's, and hence the observed intensity probably is partly Ml 
or is a doTlet. 
Normalized so that for each initial level the strongest Ml is 0.01 Wu. 
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Fig. 1. Decay modes of the proposed K1 0 band in 168 Er. Not shown are some 7-transitions which would be possible on energy 
fit and multipolarity grounds, but which are either placed elsewhere or would represent the only transition to the final band in 
question. 
previously reported in ARC [5] to have 3" or 4"' al-
though its decay modes remained somewhat elusive 
(the two 7-rays which defined the energy in ref. [5] 
were placed on the basis of Ritz combinations only). 
Using the results of ref. [5] and including the new y. 
ray data, an examination of Ritz combinations in this 
region has now revealed four depopulating 7-transitions, 
the resultant level energy now agreeing more closely 
with that found in ARC and the overall population 
being more reasonable. The Ml character of two of the 
transitions support the 3"' or 4" assignment. 
The 2246 keV level. A Ritz combination program 
was used to search for possible higher-spin levels with 
,y-decays to levels of spins 4+_8+  inclusive in the ground 
state, ,y- and 0bands. If one requires four such combi- 
nations within 2.5 standard deviations to define a new 
level, the only possibility between 2.15 and 2.30 MeV 
is a level at 2246.527 keV (see table 1). The 1 71 of this 
level is defined through the measured Ml multipolarity 
of the 1697.86 keV 7-ray to be 5", 6" or 7. 
An attempt was made to incorporate the levels at 
1893, 2031 and 2246 keV into a rotational band. For 
the hypothesis that the 1893 keV level is a K = 2 
bandhead, there would need to be a 3+  level at an en-
ergy about 70 keV higher in order that the moment of  
inertia be about the same as that of the known rota-
tional bands of 168 Er. In fact the only known 3"' levels 
in this energy range have already been assigned to other 
bands, and the absence of any further isolated 3" levels 
is guaranteed by the ARC measurements [5]. The ab-
sence of a 3" level at a reasonable energy above the 
1893 keV, 2" level is also a serious flaw for the hypo-
thesis of a KIT = 1" band, but not for the hypothesis of 
a K 71 = 0 band for which the 1893 keV level would be 
the 2" member. For a 0' band the 2031 keV and the 
2246 keV levels have approximately the expected ener-
gy spacing to be the 4" and 6" members, respectively. 
Furthermore these two levels have strong I - I transi-
tions to the ground-state band and to the 0band, in a 
pattern similar to the decay pattern of the 1893 keV 
level. If these three levels are indeed the 2+, 4+ and 6+ 
members of a K71 = 0+ band, then the 0+  bandhead is 
predicted from an 1(1 + 1) spacing to lie at about 1834 
keV. 
The 1834 keV level. The existence of a previously 
unreported I = 0" level at 1834 keV is established 
independently by the 166 Er(t, p) 168 Er experiments. 
These were performed with 17 MeV tritons from tan-
dem Van de Graaff accelerators; self-supporting en-
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Fig. 2. The left side shows a portion of the proton spectrum from the 166 Er(t,p) 168 Er reaction ate = 30 0 . The solid line connecting 
the data points is drawn only to guide the eye. Intensities were determined by a peak-fitting computer program which used the shape 
of the large well-separated peak for the 1736.7 keV level as a standard peak shape, and then adjusted the intensities of peaks fixed 
at the known excitation energies of 1828.1, 1833.5 and 1848.3 keY to give a best fit to the unresolved multiplet. This procedure 
yielded the angular distributions shown on the right side. The 1833.5 keY level shows the diffraction pattern characteristic of an 
L = 0 transfer and hence indicates Pr = 0+ for this new level. The solid curve is a distorted wave prediction for L 0. The downward 
pointing arrows represent upper limits to the experimental cross sections. The angular distribution for the previously known 3 
level at 1828.1 keV is seen to be similar in shape to the dashed curve, which is the empirical shape for the known 3 level at 1633.5 
key. This lends confidence to the procedure used to "separate" these two peaks which are only - peak width apart. 
were analyzed with magnetic spectrographs and the 
resolution was 12 keV FWHM, at most angles (- 15 
keV at 0 < 15 0). A portion of the proton spectrum 
from this reaction is shown in fig. 2. When a peak-
fitting computer program was used to search for peaks, 
it consistently placed one at an excitation energy of 
1834 ± 3 keV near the much stronger peak due to the 
1848 keV level. As there was also a known 3 level at 
1828 keV, the fitting program was then used in a mode 
whereby the peak positions for the unresolved levels at 
1828, 1834 and 1848 keV were held fixed and only 
their intensities were varied to give a best fit to the 
data. The angular distribution obtained in this way for 
the 1834 keV level, shown in fig. 2, is consistent only 
with an L = 0 transfer and indicates PT = 0 for this 
new level. 
A search was then made from the previous data [5]  
for y-decays of a 0 level at 1834 keV. A previously 
unplaced 7-ray of 1753.73 ± 0.11 keV seems likely to 
be the decay to the 2 member of the ground-state 
band at 79.804 keV, and if so, implies an excitation 
energy of 1833.53 ± 0.11 keV. A re-examination of 
the conversion electron spectrum for this 7-ray showed 
the character to be E2. Other possible 7-ray transitions 
to the 2 level at 821 keV and to the 2 level at 1276 
keV are masked by more intense transitions already 
placed in the decay scheme. Another possible but less 
Rely candidate for the 0 - 2 transition is a 7-ray of 
1750.21 ± 0.08 keV which would imply an excitation 
energy of 1830.01 keV. 
As a result of all of the foregoing evidence, the levels 
at 1834, 1893, 2031 and 2246 keV are interpreted to 
be members of the K 71 = 0 band in 168 Er. There ap-
pears to be a strong similarity between the K 71 = 0 
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band and the K = 0 band. From table I it is seen 
that the I - I, Ml transitions to the K = 0 band are 
about 10 times as strong as the I -1, Ml transitions to 
the ground-state band measured in Weisskopf units. 
This seems to indicate similar two-quasiparticle con-
figurations in the Kn = 0 and 0 bands. A remarkable 
feature of these two bands is that their moments of in-
ertia are almost equal - the  coefficient in the fit to 
E(I) = E0 +AI(I + 1) +B12 (I + 1)2 is 9.9 keV for both 
bands, in contrast to the values 13.3 keV for the ground-
state band, 11.9 keV for the K" = 0 band, and 12.5 
keV for they-band. 
Although a few interband E2 transitions have been 
identified (see table 1), there is no good indication of 
the absolute E2 strengths because of the lack of an 
identifiable intraband E2 transition. In the 7-ray line 
list there are transitions of 137.974 ± 0.003 keV (I,., = 
2.2) and 215.354 ± 0.027 keV (L,, = 0.10) which have 
already been placed elsewhere in the level scheme [5] 
but which could also be considered as candidates for 
the 4+ - 2+ and 6+ _ 4+ intraband transitions, respec-
tively. Since the 215.354 keV transition is three stan-
dard deviations from the level energy difference it has 
been discarded although it can be concluded that the 
6 4 intraband transition must have I <0.10. As
It 
for the 137.974 keV transition, which is known to be 
E2, it was placed [5] as the 4 - 2 - crossover transi-
tion in the K 71 = 1 - band based at 1358 keV. In these 
circumstances it is impossible to assess the contribu-
tion of the intensity of the 137.974 keV 7-ray to the 
4+ + 2+ transition in the K 71 = 0 band. However, 
there are two measured E2 transitions to they-band 
and one to the K = 0 band, which together probably 
indicate a non-negligible collective component in the 
K = 0 band. 
The degree of collectivity in the K 11 = 0 band is of 
course a central problem in the interpretation of the 
band. In the BM picture one may ask if the band has 
sufficiently strong E2 transitions to the 7-band to be 
interpreted as a two-phonon 77  band, in spite of the 
strong Ml transitions to the 0band which probably 
could be attributed to two-quasiparticle configurations. 
The answer to this question is not clear. IBA calcula-
tions for the 0 band predict relatively strong E2 transi-
tions (0.5 Wu) to the 0 band with transitions to the 
"7"-band an order of magnitude weaker. However the 
strongest collective interband transitions for the 0 
band are predicted to be to the K = 2 "fry"  band. 
Because Ml transitions are observed to depopulate the 
O band states it is difficult to make a detailed compari-
son between the IBA predictions and the empirical 0 
band in 168 Er. 
It is known from single-nucleon transfer experiments 
that both the K 71 = 0 and K = 0 bands have signifi- 
cant two-quasiparticle components. The (d,p) and (t,d) 
reaction studies [11] have shown that the K 17 = 0 band 
has a 1/3 admixture of the {7/2 [633] - 7/2 k [633] }, 
two-quasineutron configuration. Also, preliminary anal- 
ysis of the 169 Tm(t,a) 168 Er measurements [12] leads 
to the conclusion that a level at 1895 keV had a popu- 
lation much too large to be due to any of the previously 
known levels near this energy. These results can now be 
explained by a {l/2 [411] - 1/2 k [411 ]1 two-quasi- 
proton admixture in the K" 0 band, for which the 
I = 2 level would be expected to have the largest 
cross section. It is therefore likely that the excited K = 
0+ bands are neither pure two-quasiparticle nor pure 
collective excitations of the types described by the basic 
models, but contain appreciable admixtures of each of 
these types of elementary excitation. 
If an appreciable amount of two-phonon 77  strength 
is located in the 0 and 0 bands, then one should rea-
sonably expect to find nearby a K = 4 band with the 
attributes of a 7  (parallel) band. The only known can-
didate for this bandhead is the 4 level at 2055.908 keY, 
whcih has E2 decays to the 2 and 3 members of the 
7-band. The 5 member of this K 71 = 4 band is at 
2169.5 12 keV, and has observed decays to the 3, 4, 
5 and 7 members of they-band. The 4 bandhead and 
the 5 member also decay strongly to a K 71 = 4 band 
based on the 1094 keV level, and for this reason the 4 
band was previously dismissed [7,8] as the two-phonon 
4+ band. However the presence of other admixtures 
does not vitiate the evidence for this 4 level being a 
bandhead with appreciable two-phonon 77 strength. 
Clearly a knowledge of the absolute strengths of the 
7-ray transitions out of the K = 0 band as well as 
identification of the intraband transitions would be 
highly desirable. Further work on single-particle tra fer 
reactions is also planned to elucidate the quasiparticle 
character of the band. 
Two of the authors (WFD and WRD) wish to ac-
knowledge support from the National Research Council 
(Canada)/Centre National de la Recherche Scientifique 
(France) exchange agreement. Support for the McMaster 
165 
Volume 130B, number 3,4 	 PHYSICS LETTERS 	 20 October 1983 
Accelerator Laboratory and the nucleon-transfer projects 
was provided by the Natural Sciences and Engineering 
Research Council of Canada. Support for the Los Alamos 
Van de Graaff facility and one of us (JAC) was pro-
vided by the U.S. Department of Energy. The assistance 
given by Dr. H.G. Borner, Dr. F. Hoyler and Dr. S.A. 
Kerr at the Institut Laue—Langevin, by Dr. E.R. Flynn, 
Dr. R.E. Brown and Dr. J.W. Sunier at the Los Alamos 
National Laboratory, and by Dr. L. van der Zwan at 
the NRC is gratefully acknowledged. 
References 
[1] A. Bohr and B.R. Mottelson, Nuclear structure (Benjamin, 
Reading, MA, 1975), Vol. H. 
[21 A. Arima and F. lachello, Ann. Phys. 111 (1978) 201. 
[31 L.K. Peker and J.H. Hamilton, in: Future directions in 
studies of nuclei far from stability, ed. J.H. Hamilton 
(North Holland, Amsterdam, 1980) P.  323.  
V.G. Soloviev and N.Yu. Shirikova, Z. Phys. A301 (1981) 
263. 
W.F. Davidson et al. J. Phys. G7 (1981) 455;G7 (198 1) 
843. 
[61 D.D. Warner, R.F. Casten and W.F. Davidson, Phys. Rev. 
C24 (1981) 1713; 
R.F. Casten and D.D. Warner, Phys. Rev. Lett. 48 (1982) 
666. 
A. Bohr and B.R. Mottelson, Phys. Scr. 25 (1982) 28. 
T.S. Dumitrescu and I. Hamamoto, NucI. Phys. A383 
(1982) 205. 
W.F. Davidson et al., to be published. 
E.W. Kleppinger, E.D. Kleppinger and S.W. Yates, Bull. 
Am. Phys. Soc. 27 (1982) 753; 
E.W. Kieppinger and S.W. Yates, preprint. 
D.G. Burke, B.L.W. Maddock and W.F. Davidson, 
McMaster Accelerator Laboratory Annual Report (1982) 
p.45. 
D.G. Burke, B.L.W. Maddock, C.L. Swift and W.F. David-
son, McMaster Accelerator Laboratory Annual Report 
(1981) P. 63 . 
166 
D'.r%rirt+l1 frrm - 








Rotational bands in the nucleus ' 68 Er and some 
remarks on their interpretation 
W. F. DAVIDSON, W. R. DIXON, AND R. S. STOREY 
IVohtme 62 • Number 12 • 1984 rages 1538-1542 
National Research Conseil national 
Council Canada 	de recherches Canada 
by K.G. Cmnpbell Corporatio,, 
1538 
Rotational bands in the nucleus "'Er and some remarks on their interpretation 
W. F. DAVIDSON, W. R. DIXON, AND R. S. STOREY 
Division of Physics, National Research Council of Canada, Ottawa, Ont., Canada K/A 0R6 
Received June 22, 1984 
Further analysis of previously published data on 'Er, together with results of new measurements of selected portions of 
the neutron capture -y-ray spectrum, has resulted in the construction of an improved level spectrum for this nucleus. Altogether 
127 excited levels have now been established and grouped into 36 rotational bands. Some remarks on their interpretation 
are advanced. 
Une analyse plus poussée des données déjà publiées sur 16 Er, combinée avec les résultats de nouvelles mesures de portions 
choisies du spectre gamma de capture des neutrons, a permis la construction d'un meilleur diagramme de niveaux pour cc 
noyau. On a maintenant établi l'existence d'un total de 127 états excites, quon a groupés en 36 bandes de rotation. On formule 
quelques remarques concernant l'interprCtation de ces bandes. 
[Traduit par Ic journal] 
Can. L Phys. 62. 1538 (1984) 
I. Introduction 
In 1981, a comprehensive experimental study of the 
level scheme of the deformed nucleus 165Er was pub-
lished (1). The data derived from a series of neutron 
capture experiments, including the measurement of 
thermal capture primary -y-rays using Ge(Li) spec-
trometers, average resonance capture measurements at 
neutron energies of 2 and 24 keV, the measurement at 
high resolution of secondary -y-rays using curved-
crystal spectrometers, the measurement at high resolu-
tion of the conversion electron spectrum with a mag-
netic 3-spectrometer, and the measurement of those -y- -y 
coincidences involved in the feeding of a I 12-ns 
isomer. Out of this wealth of data a complete set of 
20 rotational bands resulted, made up of 79 constituent 
levels and some 350 de-excitation -y-transitions. When 
compared with the level spectra in other deformed 
nuclei, the experimental level scheme for "'Er estab-
lished from the above study (1) remained unsurpassed 
with respect to such a detailed knowledge of its levels, 
their dc-excitation -y-transitions, and their J, i, and K 
quantum numbers. Moreover, from the average reso-
nance capture technique, it was demonstrated (2) that 
the level scheme was complete up to 2.2 MeV for levels 
with spin 2, 3 4:, and 5 (up to 1.9 MeV for levels 
with spin 2 and 54) 
This detailed spectroscopic information on "'Er trig-
gered a number of theoretical analyses in the traditional 
framework of the collective model of Bohr and 
Mottelson (3-5), in the quasi-particle phonon model of 
Soloviev and co-workers (6-8), and in the framework 
of the topical interacting boson approximation (IBA) 
model (9-14). 
The aforementioned attention given to the 168Er data 
V. F. Davidson and W. R. Dixon, to be published  
(I) has served as encouragement to pursue the study of 
the 168Er level scheme further, and, in particular, to try 
to establish more levels and rotational bands at higher 
excitation energies (15). Making use of the original data 
(I), together with a new series of measurements with 
good statistics of selected portions of the -y-ray spec-
trum following neutron capture, a more refined level 
scheme for 168 Er has been developed. A full account of 
this work, including more refined -y-ray and electron 
conversion line lists, details of decay modes, and justi-
fications for the spin, parity, and K quantum number 
assignment of each level, is in preparation and will 
appear elsewhere.' 
In this paper we present the refined 168 Er level spec-
trum that has resulted from this investigation. In the 
context of this paper we shall attempt to draw some 
parallels between the present rich rotational spectrum 
for the nucleus 'Er and the rotational bands encoun-
tered in molecular spectroscopy. 
2. Experimental procedures and analysis 
The data used to construct the level scheme of "'Er 
derive from two sources. The first is the neutron capture 
data found in the original publication (I). The bulk of 
the data in ref. 1 was taken using the facilities for 
neutron capture spectroscopy at the high flux reactor of 
the Institut Laue-Langevin in Grenoble, France. The 
second source of data is a set of new measurements of 
selected parts of the-y-ray spectrum following neutron 
capture done at the same facility. Some of these data 
involved the sweeping of certain complex portions of 
the spectrum at high dispersion with curved-crystal 
spectrometers, while the remainder of the data came 
from a remeasurement at high resolution and good 
statistics of the intermediate (-1.2 - 2.3 MeV) energy 
-y-ray spectrum using a large volume Ge(Li) 
DAVIDSON El AL. 	 1539 
spectrometer. 
Taking into account all the preceding data, we made 
considerable refinements (e.g., improvement of energy 
precision, discovery of new -/-ray lines, improved -y-ray 
intensities, unravelling of hitherto complicated multi-
plet structures, . . .) to the final -y-ray line list. And, in 
turn, from these improvements it was possible to re-
evaluate some of the original electron spectra (I), either 
to extract new information on transition multipolarities, 
or to refine the existing multipolarity information. 
The level scheme was constructed in the following 
manner. Levels were identified from population by pri-
mary transitions and from Ritz combinations. Owing to 
the remarkably small uncertainties of the -y-ray energies 
(curved-crystal spectrometers enable precisions of a 
few electronvolts), the Ritz combination method could 
be exploited to great advantage in level-scheme con-
struction with a concomitant low probability of chance 
placements. The resultant level energies were opti-
mized by a least squares fit to the transition energies. 
The J" values of levels were deduced on the basis of 
measured transition multipolarities and average reso-
nance capture data (1)2  Those transition multipolarities 
that could not be measured were assumed to be El, E2, 
or Ml. Information from charged-particle transfer reac-
tions was also helpful in the location of some levels, 
and in J assignments (16-19). The placement of 
secondary -y-transitions in the "'Er level scheme was 
accomplished using the Ritz combination principle, 
with occasional recourse to -y--y coincidence results for 
confirmation (1 ) . '  
The final level spectrum that emerged from this study 
is shown in Fig. I. It contains 127 levels grouped into 
19 positive-parity rotational bands and 17 negative-
parity rotational bands. The radiative decay modes in-
volving some 580 transitions will appear elsewhere.' 
To our knowledge, the experimental spectrum of 
nuclear rotational bands in Fig. I is the most detailed 
yet established and, as such, serves as a worthwhile 
benchmark against which the predictions of different 
nuclear models of low-lying excitations can be 
compared. 
3. Discussion 
The interpretation of the level structure of nuclei, as 
revealed by high-resolution nuclear spectroscopy, has 
been guided by essentially the same considerations that 
led to the development of molecular spectroscopy by 
2R. F. Casten, private communication. 
1D. G. Burke, W. F. Davidson, J. A. Cizewski, R. E. 
Brown, E. R. Flynn, and J. W. Sunier, manuscript submitted 
to Can. J. Phys. 
4J. Simic, private communication. J. Simic and S. Koicki, 
manuscript in preparation. 
Herzberg (20) and others. Thus, one has attempted to 
identify collective rotational and vibrational excitations 
in nuclei, as well as particle excitations, in analogy 
with rotational, vibrational, and electronic levels of 
molecules. There are, however, important differences. 
Nuclear energy levels are of the order of mega-
electronvolts, while molecular electronic levels are of 
the order of electronvolts and molecular rotational 
levels only of the order of 10 eV. The clear energy 
separation between the three types of molecular ex-
citations does not exist in the nuclear analogue. In con-
trast to molecules, electric dipole transitions are in-
hibited in nuclei owing to the difficulty of separating the 
centre of charge from the centre of mass. The usual 
collective models of nuclei used at low excitation 
energies have quadrupole deformations and enhanced 
electric quadrupole transition rates. 
To emphasize the latter point, one need only recall 
that a diatomic molecule can be represented by a simple 
rigid rotor. With two unlike atoms, the levels are 
1" = 0, l, 2, 3, 4 
with energies 
E=J(J+ I) 
and intraband El transitions J = 1, where 0 is the 
moment of inertia. Figure I shows that no such bands 
have been identified in "'Er.' 
There are two important conceptual extensions of the 
rigid-rotor model in molecular spectroscopy that have 
found application in nuclear spectroscopy. These are 
the vibrating rotor, which predicts rotational bands built 
on successive vibrational levels, and the symmetric top, 
for which the energy level sequence is 
J = K, K + 1, K + 2... 
where K is the component of the total angular momen-
tum in the direction of the symmetry axis. 
In the geometrical model of Bohr and Mottelson (3), 
nuclei between closed shells may have fixed deformed 
spheroidal shapes and may experience collective rota-
tions about axes other than the axis of symmetry. The 
projection K on the symmetry axis is a constant of the 
motion, and the possible angular momentum values are 
J ~: K. Further consideration of symmetry under rota-
tion of 180° about an axis perpendicular to the sym-
metry axis leads to a restriction by a factor of two on the 
possible levels. For example, K = 0 bands contain only 
even or only odd values of J. 
To describe collective vibrations in this picture, one 
usually has recourse to the liquid-drop model of the 
"Such "molecular" bands have, however, recently been 










2547(4) 2561 	4 * 1K 	41 
2500 2478 	(3) 24843 
2L....2 0393.2' 
2306 	6' 	2311 	4' 
• 
68 	5' 
2336 	4 • 2298 	5' l 	. 
22466 , 	 2243 	3' 	2Za.._4 2238 	4' n' K J- I' 2 21811 21695' 	 • 	i: 
	
21372 1 




• 2080 4' 	
* 
20554 , 2 K" . 3'  
2000 961 6 
19153' 
'___- * 	(K".0') 	K". K 	4 
902 	6" 
1839 
, 1893 	2' 
i' 18482 
1796 
K. o 6' 2'2 
K- 
16248 	666 









1263 	6' 	(276 	2' 
K", 
5' 	K"' 
1000 * 994 	4 
8212' 








2500 2451 	5 24746 2477„. 
23316 









2303 	6 - 
22556 
2_3 









20 1950 	7 1949 	6 - - 	19835 QQL_ 
K 
1896 7 	933 1892 4 19054 	(9 	I 	7 	. 3 3 
1820J 18M4 - 	
18293 K".4 	K 	.1; 
K"6 
















1094 	4 E 
coo 6 	' 68 	100 
FIG. I. The level spectrum of "Er resulting from the present study. For 113 of the 127 excited states, unique F' assignments were obtained experi-
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nucleus. Quadrupole vibrations are characterized by a 
parameter 3 giving the magnitude of the total defor -
mation, and by a parameter y that measures the devi-
ation from axial symmetry. if np denotes the number of 
3-quanta and n', the number of -y-quanta, the first three 
such bands are n p = n, = O.K = 0; np = I, n = 0, 
0; and np = 0, n= 1,K= 2, and are readily 
identified in "Er, the y- band at 821 keV and the 
3-band at 1217 keV. Bands built on two vibrational 
quanta have proven more difficult to identify. indeed, 
Soloviev and Shirikova (7, 8) have predicted that such 
multiphonon states should not only be shifted upwards 
beyond 3 MeV owing to the influence of the Pauli 
principle, but also fragmented over many levels. Bands 
with K" = 0, 1, 2, 3 based on an octupole 
vibration have also been identified at energies of 1786, 
1358, 1569, and 2262 keV respectively in 168Er (1, 21).' 
In addition there is evidence for K" = 3 and 4 bands 
built on hexadecapole vibrations. Many of the bands in 
Fig. I cannot, however, be interpreted as purely col-
lective, as evidenced by their population in charged-
particle transfer reactions (16— 19). 
In the last few years an alternative description of 
collective motions in nuclei has emerged, the 
"interacting boson approximation" due to Arima and 
iachello (9, 22). This approach, which is essentially 
algebraic rather than geometrical, attempts to isolate 
nuclear collective dynamics as a subset of all possible 
motions by considering only valence nucleons paired to 
form interacting bosons. The bosons have composite 
internal spin of zero. Most calculations to date have 
used only s- and d-wave bosons. The related symmetry 
group is U(6), which leads to the three limiting sym-
metries U(S), SU(3), and 0(6), all of which have now 
been experimentally identified in different nuclei. For 
"Er the application of the IBA led to a correct re-
production of the positive-parity bands below 2.0 MeV 
with the exception of the K" = 3 band at 1653 keV, 
which lies outside the s—d basis. There is also a good 
overall description of their transition rates (10). it is 
possible that the inclusion of the g-wave boson, with 
related symmetry group U(15), will enable the IBA to 
account for all of the new positive parity bands, 
including the K' = 3 and l bands (13). 
Finally, it is interesting to observe that while molec-
ular spectroscopy provided the initial guidelines for the 
description of nuclear rotation—vibration spectra, the 
recent success of the algebraic methods in nuclear spec-
troscopy has stimulated the application of similar meth-
ods to molecules (24-27). For a diatomic molecule, 
the basic ingredients in this approach are boson (or 
"vibron") creation and annihilation operators of scalar 
and vector character, the latter being related to the 
dipole nature of the molecule. The related symmetry 
group is U(4). 
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TWO-QUASINEUTRON STATES IN 'Er 
POPULATED BY THE 167Er(d, p) AND 167Er(t, d) REACTIONS 
D.G. BURKE and B.L.W. MADDOCK* 
Tandem Accelerator Laboratory, McMaster University, Hamilton, Ontario, Canada L8S 4K) 
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Abstract: The nuclear structure of 168 Er has been studied with the 167 Er(d, p) 168 Er and 167 Er(t, d)' 68 Er 
reactions, using 12 MeV deuterons and 15 MeV tritons from the McMaster tandem Van de Graaff 
accelerator. The reaction products were analyzed with an Enge split-pole magnetic spectrograph 
and detected with photographic emulsions. Angular distributions were obtained for levels up to 
-2.5 MeV excitation, with typical resolutions of -9 keV and -11 keV (FHWM) for the (d, p) and 
(t, d) reactions, respectively. Since the 1, K" values for all levels up to -2 MeV were known from 
previous (n, y) studies, the main contribution of this study was to determine the admixtures of 
specific two-quasi neutron configurations to the various bands. Earlier {[633]±[521J} assign- 2 
ments for the 1094.0, K'= 4- and 1541.5 keV, K'= 3- bands have been confirmed, although the 
full f7+  [6331+ 2' -[521]) strength is not observed in the 1094.0 keV band. The K'= 1 octupole band 
at 1358.8 keV has a dominant {[633]-[5l2]}  component, as predicted by the Soloviev model. 
The K" =6, {[633]+[512]}  configuration has been assigned in this work to the 1773.2 keV 
level. The K" =4 band at 2059.9 keV is found to contain -35% of the { r  [633]+J510]} strength, 
and a -25% admixture of the {r[633] - t{5 10]} configuration is tentatively assigned in the K" = 3-  
band at 1828.0 keV. Relative cross sections for members of the 168 Er ground state band suggest 
the presence of a mixed wave function for the 167  Er target ground state. The K" = 0, 1217.1 keV 
band exhausts the {[633]-22+[633]}  strength which does not go to the ground band, while the 
K" =0k, 1422.0 keV band was not observed. The Soloviev model is the only one which has made 
quantitative predictions that can be compared with the present results. In general, it is quite 
successful in explaining the experimental data. 
NUCLEAR REACTIONS 167 Er(d, p), E = 12 MeV; measured cr(E5, 0); 167 Er(t, d), E = 
E 
	
15 MeV; measured o(Ed, 0). 168 Er deduced levels J, i, band structure, two-quasineutron 
assignments. Enriched targets. 
1. Introduction 
In recent years, 168  Er has probably become the best-studied deformed even-even 
nuclide, and also the most controversial in the interpretation of its levels. The 
extensive series of 167 Er(n, y)  experiments by Davidson et al. ') resulted in assign-
ments of spins and parities to levels of —20 rotational bands in the first —2 MeV 
* Present address: 104 Sherwood Ave., Toronto, Ontario, Canada M4P 2A7. 
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of excitation. A continuation of the analysis of these results, combined with some 
new measurements 2.3),  has now increased the number of assigned rotational bands 
to —36, probably more than is known for any other nuclide. Because of the use of 
the average resonance capture technique '), it was claimed that all levels of spin 2 
to 5 up to —1.9 MeV excitation had been located. The completeness of this set of 
levels was then exploited in tests of nuclear models. Success was claimed for different 
collective models, such as the Bohr-Mottelson description 4.5),  and the interacting-
boson approximation (IBA) 6)  In a recent article, Seiwert et al. 7)  have indicated 
that these and other models work equally well for explaining level energies and 
-y-ray branching ratios. In the meantime, Lin et al. 8)  argued that some of the states 
described as collective, in the references listed above, should really be considered 
as essentially pure two-quasiparticle configurations. Also, the quasiparticle-phonon 
model of Soloviev has been remarkably successful 9)  in describing the structure of 
168 Er. 
In spite of all the interest and controversy concerning 168 Er, there was very little 
information available from single-nucleon and two-nucleon transfer reactions. 
Therefore, several years ago an extensive series of experiments of this type was 
undertaken. Results from the 166 Er(t, p)' 68 Er and 170 Er(p, t) 168 Er two-neutron trans-
fer reactions have recently been reported 10) The present work describes results 
from the 167 Er(d, p) 168 Er and 167 Er(t, d)' 68 Er single-neutron stripping reactions. 
Measurements have also been completed 11)  for the 169Tm(t, a)' 68 Er single-proton 
pickup reaction, using beams of polarized tritons, and these will be described 
separately. 
An early study of the 167 Er(d, p) 168 Er reaction was reported by Harlan and 
Sheline 12) .  However, as the target purity in that experiment was only —59%, and 
as spectra were obtained at only a few angles, it was considered desirable to measure 
complete angular distributions, using the more highly enriched targets now available. 
The isotopic enrichment of the target is particularly important, because cross sections 
for single-nucleon transfer reactions on the even-mass isotopic impurities are intrinsi-
cally several times larger than those for corresponding transfers on the odd-mass 
167 Er target. This is because the transfer strength for each level in an odd final 
nucleus, from a reaction on an even-even target, is distributed over several members 
in each of two rotational bands when the target spin is nonzero. 
Since the odd neutron in the 167  Er target occupies the [633] Nilsson orbital 13) 
the only two-quasiparticle configurations in 168 Er which can be populated by the 
(d, p) reaction must have the r[633]  neutron as one of the two particles. Therefore 
the positive-parity states in 168  Er can be populated only if the transferred neutron 
enters an orbital with positive parity. It can be seen from a Nilsson diagram [e.g. 
ref. 13)]  that the only positive-parity states expected to be important in this work 
are those originating from the i 1372 shell. For these, the dominant component of the 
spectroscopic strength has I = 6, j = . Since the (d, p) cross sections are typically 
one or two orders of magnitude smaller for 1 = 6 than for 1 = 1 or 3 transitions, the 
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positive-parity states in 168 Er are expected to have relatively small cross sections. 
This is confirmed in the present study, in which the 1 = 1 and / = 3 transitions 
populating negative-parity states are seen to dominate the experimental (d, p) 
spectrum. 
The 167 Er(t, d)' 68 Er experiments were performed with the hope that the (t, d) cross 
sections might not decrease as rapidly, with increasing /-value, as the (d, p) cross 
sections. Some preliminary distorted-wave Born approximation (DWBA) calcula-
tions indicated that the (t, d) cross sections for all /-values should be several times 
larger than the (d, p) ones, but that the increase for / = 6 transitions would be slightly 
more than for lower 1-values. The 167 Er(t, d) measurements were also made with a 
slightly higher beam energy (15 MeV instead of 12 MeV) in order to enhance the 
diffraction structure in the angular distributions. For most levels the (t, d) results 
did not provide much information that had not been obtained from the (d, p) data. 
However, both sets are presented because there are a few cases where the (t, d) 
results provide clearer evidence for the interpretation given. 
2. Experimental details and results 
The 167  Er targets used for these studies were obtained from R. K. Sheline of Florida 
State University. They were prepared by R. Leonard, using the Florida State 
University isotope separator, by direct deposition of —45 p.g/cm 2 of 167  Er on 
40 .g/cm2 carbon foils. The isotopic purity was estimated at the time of fabrication 
to be 99%, which is much higher than that of commercially available 167  Er samples. 
The targets were used earlier for 167Er(d, t)  Er measurements 
14),  and no evidence 
of peaks due to isotopic impurities was observed in that work. 
Beams of 12 MeV deuterons and 15 MeV tritons were obtained from the McMaster 
University FN Tandem Van de Graaff accelerator. The reaction products were 
analyzed with the Enge split-pole magnetic spectrograph and detected with photo-
graphic emulsions. Proton spectra from the (d, p) reaction were recorded at 15 
angles between 6° and 90°, and (t, d) measurements were made at 11 angles between 
6° and 75°. Typical spectra from the (d, p) and (t, d) reactions are shown in figs. 1 
and 2 respectively. The complex portion of fig. I corresponding to excitation energies 
above I MeV is shown on an expanded scale in fig. 3. The rotational band assignments 
shown on these spectra have been taken from the work of Davidson et al. .1),  and 
are discussed in sect. 4. For the (d, p) spectra, the overall resolution ranged from 
8 to 10 keV (FHWM) whereas for the (t, d) results it was typically 10 to 12 keV. 
Normalization factors to convert the intensities of peaks in the spectra to absolute 
cross sections were obtained by using a surface-barrier detector of known solid 
angle in the target chamber to count elastically scattered beam particles at 30°. The 
elastic scattering cross sections at 30° were obtained from the computer program 15) 
DWUCK4, using the same optical-model parameters as for the distorted-wave 
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Fig. 1. Proton spectrum from the 167 Er(d, p)' 68 Er reaction at 0 = 500 The circles are data points and the curve results from the peak-fitting computer 
program. Proton groups from (d, p) reactions on light target impurities occur as broad peaks near 600 keV, 1000 keV, and 1750 keV. The ground-state and 
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Fig. 2. Deuteron spectrum from the ' 67 Er(t, d)' 68 Er reaction at 0 = 75°. See caption to fig. 1. There is a broad group near —900 keV which is due to a 
light-mass target impurity. The band assignments shown in this figure are from previous (n, y) results and are discussed in the text. 
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Fig. 3. The region of fig. I above I MeV excitation shown on an expanded scale. The rotational band assignments are from previous (n, y) 
results and are discussed in the text. 	
'0 
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deuterons, the cross section calculated in this way was also in very good agreement 
with the measured value reported by Christensen et al. 16)  Additional checks of the 
normalization factors were made by periodically recording short exposures of 
elastically scattered beam particles with the spectrograph at 0 = 300 . 
The excitation energies averaged from all angles and the cross sections at one 
typical angle are listed in table 1. Since all the levels below —1 MeV excitation are 
of positive parity and have very small cross sections, energies were measured relative 
to that of the strongly-populated, well-known 4 level at 1094.0 keV. All the levels 
observed below —2037 keV were previously known from earlier works 13)  There 
are many instances where peaks in the (d, p) and (t, d) spectra could include strength 
from two or more previously known levels which were not resolved in the present 
work. As will be discussed in sect. 4, there is good reason to believe that the cross 
sections to some of the known states should be negligible, and the observed cross 
section is due almost entirely to only one, or two, levels. However, for the sake of 
completeness, and as a guide in the interpretation, all previously known levels up 
to 2200 keY have been included in table 1, regardless of whether they were observed 
in this study. Throughout this work, levels will be referred to by their excitation 
energies from previous studies 13)  truncated to the nearest 0.1 keV. The measured 
energies in table I have uncertainties 3 keV for strongly-populated, well-resolved 
states. They are seen to agree quite well with the much more precise values from 
(n, y) measurements 13)  The I, K'0 assignments shown in this table are from the 
previous studies, and the interpretations listed for the bands are discussed in sect. 
4. The relative values of cross sections within a spectrum, or from one spectrum to 
another as used in the angular distributions, have uncertainties of 10%. The absolute 
values listed in table 1 are also subject to uncertainties in the normalization pro-
cedure, and have errors of —20% for levels with large well-resolved peaks. 
Angular distributions for the (d, p) and (t, d) cross sections are presented in figs. 
4 and 5, respectively. The data points in these figures are measured values, with 
error bars obtained by adding the statistical error and 10% in quadrature. The curves 
are predicted angular distributions for specific configurations and are discussed in 
sect. 4. 
3. Calculations 
The results of the present work are described in terms of Nilsson orbitals, with 
some of the effects of pairing and Coriolis mixing included. The transition populating 
each final state contains, in general, a mixture of j- and /-values, and it is not 
possible to extract the spectroscopic strength for each j-value from the experimental 
angular distributions. It is more appropriate to compare the predicted cross sections 
with the experimental values, and this approach has been taken in the present work. 
The intrinsic single-neutron transfer cross sections were. obtained from DWBA 
calculations with the program 15)  DWUCK4, using the optical-model parameters 
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TABLE 1 
168 Er levels and their single-neutron stripping populations 
Energy') [keV] dcr/di2 [i.b/sr] Interpretation, or 
I, K" configuration 
(n, y) (d, p) (t, d) (d, (t, d) 90. populated 
0 not observed 0.3 0.8 0,0 g.s. band 
79.8 76 80 -4.5 14 2,0k g.s. band 
264.0 261 264 5.4 26 4,0k g.s. band 
548.7 545 549 4.7 21 6,0* g.s. band 
821.1 819 822 1.7 obscured 2,2k y-- band 
895.7 896 2.2 obscured 3,2' y-band 
928.3 1.0 2.8 8,0' g.s. band 
994.7 995 1.5 5.8 4,2k y-band 
1094.0 1094 1094 138 560 4,4 r[633]+[521 ] 
1117.5 obscured 5, 2 y-band 
1193.0 1192 1194 28 130 5,4 2Z + [6331+ 21-[5211 
1217.1 1.5 0,0k 
1263.9 3.1 6,2+ y-band 
1276.2 1275 1276 -2.7 8.0 2,0k -- [633] - r[633] 
1311.4 1311 1312 19 91 6 , 4 7 [633]+[5 21 ] 
1358.8 1358 1360 12 49 1,1 r[633J_[512]b) 
1396.8 10,0 g.s. band 
1403.7 
1404 1404 43 173 [633]-[512]") 
1422.0 0,0k 
1431.4} 
1431 1432 39 185 
3,1 +[633]__[512]b) 
1432.9 7,2 y-band 
1448.9 1450 1449 7.4 27 7,4 r[633]+[521 ] 
1493.1 0.5 1.0 2,0k 
1541.1 
'- 
- 7'[6331-'-[521]  2  2 
1541.71 
1542 1542 20 800 ' 
4, F r[633j-[512] b) 
1569.4 -1565'1 
1574 21 
2,2- octupole vibration 
1574.1 15741 F [633]-t[512] b) 
1605.8 -4 obscured 8,4-  




64 1 225 6,0 
1624.5 ) ) 8,2 + y-vibration 










4,2- octupole vibration 
1736.6 -2 ) 43+ 
1760.7 1761) -12 ) 6,1 +[633]_t[ 512]  b ) 
1773.2 1775 1775 85 410 6,6 [633]+[512] 
1786.1 -1788) 9 J 1,0 octupole vibration 
1795.3 7,1 Z+[633]_5-[512]b) 
1820.1 
1821 ' 27 
3 r[633 ] - [521 ] 
1820.4J ) 5, 2 octupole vibration 
1829 ) 320 
1828.0 
1830 J 1 70 3,3- ([633]-[510]) Cd) 1833.5! 0,0 
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TABLE 1-continued 
Energy ' ) [key] do/dQ [j.i.b/sr] Interpretation, or 
I, K" configuration 
(n, -y) (d, p) (t, d) (d, 0e...60'  (t, d) 0 . 40. populated 
1839.3 53+ 
1848.3 2,2 
1892.9 ) 4, 3 - (r[6331 - 1 151o1) c.d) 
1893.0 1895 	I 152 
} 
2,0k 










1913.8 1 I 3,0- octupole vibration 
1915.5j ) 3,2k 
1930.3 2,2k 
1936.5 1939 2.2 1, F 
1949.6 6, 2 octupole vibration 
1950.8 
1953 1951 -6 20 _ r6331-2[521] 
1961.3 2.2 6,3 k 
1972.3 2,1 -  
1983.0 1984 -1983 8.0 26 5,3- (r[633]-[510]) 
c.d) 
1994.8 3,2 
1999.2) 3,3-  
2001.9 2005 2003 35 120 5,4 
2002.4J 4,2 
2022.3 2019 -2020 3.0 --4 3,1 - 
2031.0 4,0k 
2039 -2037 -7 20 (8, 6-) C) ([6331+[512]) C) 
2055.9) 44+ 
2059.9.1' 
2060 2062 100 260 4,4 +[633]+_[5101C) 
2080.4 4,2+  
2089.3) 
2091.2.1' 





2101 -2102 --4 18 
4,1 
2108.9 2108 5,2 
2118.7) 
21211 } 	14 
6,4 
2122.4k 2123 81 
} 
7,7 
2129.2 2l27J -11 5,0 octupole vibration 


















D. G. Burke etal.! `8 Er 	 433 
TABLE 1-continued 
Energy ) [key] 	 dcr/df2 [i.b/sr] 	 Interpretation, or 
I, K' 	 configuration 
(n, y) 	(d, p) 	(t, d) 	(d, p) 	(t, d) 9 . 40. 	 populated 
2230.3 2,2-  
2238.1 
2238 2236 34 62 
2246.5 . 6,0k 
2254.8 3,2 +  
2255.3 2259 2259 14 70 6,4 r[633]+[510]c) 





2303.0 2303 2303 -8 41 6,1 
2306.8) 6,4k 





2336.2 4,2+  
2337.1 2343 2340 37 144 3,3 
2348.5) 4,3 
2370 2369 67 170 
2383.2 2383 4.6 
2392.6 4,2-  






2480 2480 17 76 












) The (n, y) energies are from ref. 3),  and have been truncated to the nearest 0.1 key. The (d, p) and 
(t, d) values were determined relative to the energy of the strongly-populated 1094.0 keV level. 
b) Dominant component of a previously known octupole vibration. See subsect. 4.7. 
C)  This configuration may not be the dominant component of the state, but is the component populated 
in this study. 
d) Parentheses indicate the assignment is tentative. 
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Fig. 4. Angular distributions for proton groups from the 167 Er(d, p) 168 Er reaction. Level energies 
expressed to tenths of keV are from (n, y) measurements. Those for which (n, y) data do not exist are 
rounded to the nearest keV, consistent with the values in table 1. Downward-pointing arrows indicate 
upper limits for cross sections. The curves shown for assigned levels are DWBA calculations for specific 
two-quasineutron configurations as described in the text. For unresolved levels with several curves shown, 
the broken curves are for the configurations indicated, with strengths as specified in the text, and the 
solid (upper) curve represents the sum of the broken curves. For the I, K' = 5, 4 level at 2148.3 keV 
the solid curve is for the {r[633]+[510]}  configuration as described in the text, while the dotted curve 














D. 0. Burke el aL / `8 Er 	 435 










4 	1 1892.9 key 
100 







T 1760.7 key 7 
t 6,1 	10 - tt_ 
YR 
100- 
1905.0keV I 	 I 
H I Jr 
2022.3keV 
3,1 





6,6 I I 
10 
1786.1 key 
1'0 111T 10 







10 949.6 key 5,2 
6,2 
it 	7-JJ a - - I 1950.8 keV I-.. 	4,4 / 
. 7 7,37 
0 20 40 60 80 	 0 20 40 60 80 	 0 20 40 bO uo 
e (degrees) 
Fig. 4.—con:. 
listed in table 2. The triton and proton parameter sets are from global fits to large 
bodies of elastic scattering data by Flynn et al. 17)  and Becchetti and Greenlees 18) 
respectively. The deuteron parameters are the 12.5 MeV set used by Oelert et cii. 19) 
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Fig. 4.—cont. 
transferred neutron are from the same study. The nonlocal parameters for the 
charged particles involved were 6, = 0.85, f3d = 0.54 and 0, = 0.25. The standard 
finite-range parameters of 0.621 and 0.845, and DWBA normalization factors of 
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Fig. 4.—cont. 
different combinations of other commonly used optical-model parameter sets were 
tried, and it was found that the absolute cross sections could typically change by 
up to ±30% from the values used in this work. However, the relative cross sections 
for different /-values remained fairly constant. The parameters in table 2 were chosen 
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Fig. 5. Angular distributions for deuteron groups from the ' 67 Er(t, d) 8 Er reaction. See caption to fig. 
4. The broken curve shown for the unresolved 1905.0 keV level was calculated for the 1'2 +[ 6331+ 2' - [ 521]) 
configuration. 
because they gave absolute cross sections near the middle of the range of values 
obtained, and because they gave angular distribution shapes in slightly better 
agreement with experiment than did some of the other sets. Since the calculated 
cross sections could be changed by up to 30% from the ones used, by employing 
different "reasonable" parameter sets, one could regard the overall normalization 
of all the predicted cross sections as having an uncertainty of about this amount. 
Theoretical wave functions for the states of interest were obtained by performing 
a Nilsson calculation and then incorporating the effects of pairing and Coriolis 
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 and a deformation 5 = 0.30 were used. Methods of including the effects 
of pairing and Coriolis mixing on the cross sections have been described by Elbek 
and Tjøm 21) In the present work these calculations were performed with the 
computer program 
22) 
 EVEPLT, which uses somewhat more complicated expressions 
to ensure that the final-state wave functions are antisymmetric under particle 
exchange 
23)  No attenuation was applied to the Coriolis matrix elements. Additional 
details of the calculations, including the relative energies and the fullness 
factors V2 used for the various single-particle orbits, have been presented in a 
preliminary description of the (d, p) data 
24) 
 In the present work, the nuclear structure 
calculations for the (t, d) and (d, p) results were identical, so the only differences in 
0 
TABLE 2 
Optical-model parameters ) 
Particle 	 VR 	 rR 	 aR W 1 	 r, 	 a1 	4a 1 W0 V 0 	r, 	 a 0 	Ref. 
to 
proton 	 —58.0 	1.17 	0.75 —0.82 	1.320 	0.64 	25.8 —6.2 	1.01 	0.75 	18) 
deuteron —103.27 1.10 0.83 1.309 0.908 47.6 —5.63 0.98 1.00 19) 
triton 	 —151.7 	1.24 	0.685 —15.6 	1.432 	0.87 Il) 
bound neutron 	b) 1.25 0.65 A = 8 
rn ) All potential strengths are in MeV, and all distances are in fm. The Coulumb radius was 1.25 fm. The notation and the analytical expression for the 
form of the potential are the same as RI ref. 19) 
b) Adjusted to match the neutron separation energy. 
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predicted cross sections arise from different DWBA single-particle values for the two 
reactions. 
4. Interpretation and discussion 
4.1. GENERAL COMMENTS 
In this section the configurations which can be formed by coupling a neutron to 
the unpaired [633] neutron in the 167  Er target ground state will be discussed 
individually. For each rotational band discussed, the angular distributions for the 
various band members are compared with predicted curves, and the theoretical and 
experimental cross sections are compared in a table. The curves showing the 
theoretical angular distributions for the assigned configurations appear with the 
data in figs. 4 and 5. The vertical positions of the calculated curves have been 
adjusted to provide the best visual fit to the experimental data. For each level with 
an angular distribution in fig. 4 that is compared with a single theoretical curve, the 
(d, p) cross section presented in table 1 is the value from the curve at U = 60 0 . 
Similarly, the (t, d) cross sections in table 1 are values from the fitted curves at 
O = 40° in fig. 5. This approach effectively uses data from all angles when comparing 
experimental and predicted cross sections, instead of using data from one angle 
only. For levels with no predicted angular distributions shown in figs. 4 and 5, the 
cross sections listed in table 1 are the experimental values at the one angle indicated. 
It is important to remember that I, K' values for all the levels are known from 
previous work. The contribution made by the present study is a determination of 
the strengths of specific two-quasineutron components in the wave functions of the 
states. The tables which follow show the configuration strengths S for particular 
two-quasineutron components in the various bands. For each level, S is the ratio 
of the observed cross section to the theoretical cross section for the two-quasineutron 
configuration. The quantity S for a band represents the values of S averaged for 
all the observed rotational members. 
As the level scheme is rather complex, fig. 6 shows the known negative-parity 
levels which are discussed in this work, arranged in rotational bands. Levels which 
were not resolved in the (d, p) spectra are connected by cross-hatched areas. The 
positive-parity states have been omitted from this diagram for the sake of clarity. 
It is also noted that, with the exception of the ground-state band, the largest cross 
sections to positive-parity states are predicted to be only about 1% of the largest 
ones to negative-parity states. The data in table I are consistent with this prediction 
for positive-parity states that are known to be resolved. Therefore, in the sections 
which follow, the cross sections of positive-parity members of an unresolved multi-
plet are sometimes ignored, compared to those for the negative-parity states being 
discussed. Also, in the following subsections, when numerical cross sections are 
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Fig. 6. Level scheme showing the known negative-parity bands in 168  Er, up to 2262 keV, from refs. 1.3)  Levels with significant strengths that were not 
resolved in the present (d, p) reaction are shown connected by cross-hatching. 
TABLE 3 
The 22 +[6331 - [633] configuration in the K" = o bands 
Cross sections [i.b/sr] 
Configuration 








experiment (d, p) 	(t, d) 
unmixed ) mixed') 
0,0 0 0.0 0.0 0.3 0.0 0.8 
C 
2,0 79.8 2.6 2.7 -4.5 9.0 14 -1.67 	 1.56 
5 
4,0 264.0 5.4 5.8 5.4 23.4 26 0.93 1.11 
6,0k 548.7 5.2 5.8 4.7 26.7 21 0.81 	 079 
8,0 928.3 1.2 1.4 1.0 6.5 2.8 0.71 0.43 
S=l.l4b) 	5 = 103b) T1 
2,0 1276.2 1.6 1.7 -2.7 6.0 8.0 -1.59 1.25 
2,0 1493.1 1.7 1.8 '0.5 6.3 1.0 0.28 	0.16 
4,0 1656.2 3.2 3.4 1.0 14.4 2.4 0.29 0.17 
) For the calculated cross sections, the pairing factor used for members of the ground-state band was V 2 = 0.67, and for excited K = 0 bands it was 
1- v2 =o.. 
b) Band members for which the cross sections could be expressed only as upper limits were not included in calculation of the average configuration 
strength S. 
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4.2. THE GROUND-STATE ROTATIONAL BAND 
The ground-state band of 168 Er can be populated in the (d, p) and (t, d) reactions 
by transferring a neutron into the[633] orbital, and coupling it antiparallel to the 
[633] neutron in the 167  Er target ground state. The predicted cross sections for the 
lowest five rotational band members are shown in table 3. They have been calculated 
using a fullness parameter V 2 =0.67 for the[633] orbital in the 168 Er ground 
state. The cross sections are all quite small, 6 sib/sr in the (d, p) reaction, because 
most of the strength involves I = 6 transfer. The (t, d) cross sections are several times 
larger, but are still small compared with values for other levels to be discussed later. 
Whereas the experimental cross sections for the 4 and 6 members agree reason-
ably well with calculated values, the observed strengths for the 2 and 8 levels are 
larger and smaller, respectively, than predicted. These discrepancies do not appear 
at first to be very serious, because the peaks involved have very small cross sections, 
but the pattern occurs consistently in both the (d, p) and (t, d) reactions. An 
explanation for these results has been found by considering effects of the mixed 
wave function for the 167  Er target ground state. Since the[633] orbital originates 
in the i 1312 shell, Coriolis mixing is expected to introduce small admixtures of other 
i 312 orbitals into the ground state. The[642] orbital should be the most important 
of these because it is the one closest in energy 25)  It is the only admixture considered 
in the present analysis. The 167  Er ground-state wave function can then be written 
167Er(g.s.)) = aJ[6331)+ blr[6421), 
where the amplitudes a and b are normalized such that a 2 + b 2 = 1. The calculations 
of Kanestrøm and Løvhøiden suggest 21)  that the value of  should be —0.116, but 
the 167 Er(p, t) 165Er results of Stott et al. 26)  would be explained better by a value 
about twice as large. Therefore, a[642] admixture of —1% to —4% would be 
expected from previous works. 
The cross sections for population of the grOund-state band in the present work 
have been calculated for a range of values for b, using the theoretical expressions 
given by Thompson et aL 27)  Relative intensities for the band members are displayed 
in fig. 7 as a function of b, where the experimental ratios are shown also. It is better 
to compare ratios of the cross sections for this purpose rather than absolute values, 
so that uncertainties in the fullness parameters V 2 and in the absolute normalizations 
of the experimental and DWBA cross sections effectively cancel out. In fig. 7 the 
cross sections have been compared to that of the 6 member because it has a 
dominant I = 6 transition with a large spectroscopic strength. It is seen that the 
"anomalously" large strength to the 2 state shown in table 3 is readily explained 
by a small r[642]  admixture. The (t, d) results for all three ratios in fig. 7 are 
consistent with 0.14< b <0.21. The (d, p) results are not as restrictive or as consistent, 
because of the smaller cross sections, but also indicate b> 0. The absolute values 
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Fig. 7. The solid curves show calculated ratios of cross sections for members of the "Er ground-state band, as a function of b, the 
amplitude of the [642] orbital in the "'Er target ground state. The amplitude of the dominant[633] component of the target was 
taken as having a positive value. u 2'/o-6 means the ratio of cross sections for the 2 and 6' members, etc., as described in the text. The 
left and right sides of the figure are for the (d, p) and (t, d) results, respectively. The cross-hatched regions indicate experimental values. 
The data suggest a value of b-0.20:0.05, corresponding to a (4±2)% admixture of the r[642]  orbital, but as indicated in the text 
there are theoretical uncertainties which may tend to make this deduced value for b too low. 
LA 
446 	 D. G. Burke et al. / ' 68 Er 
predictions for the 2, 4, 6 and 8 states are 14.5, 25.6, 20.4 and 1.8 gb/sr, 
respectively, in excellent agreement with the experimental results in table 3. 
It is most likely that the values for b extracted from these results are underesti-
mated, because of uncertainties in the theoretical cross section ratios. One uncertainty 
arises because it is unclear whether the / = 4 component of the wave function for 
the transferred neutron is predominantly from the N = 4 or N = 6 major oscillator 
shell 28)  The values used in this work were those from the N = 6 shell, consistent 
with the philosophy of ref. 28)  If the N = 4 choice had been taken, the calculated 
1 = 4  cross sections would be reduced by a factor of —2.7. The net effect of any 
N = 4 admixture would be to lower the 2 curves in fig. 7 (and to a lesser degree 
the 4 ones) resulting in larger values for b. It is also noted that the calculations 
leading to the curves in fig. 7 did not consider Coriolis mixing of the final states in 
168 Er. This mixing would be expected to increase the cross sections slightly, but the 
percentage increase would be larger for higher spin members of the band (see table 
3). Therefore, by including this mixing the curves for the 2 and 4 levels would 
be lowered, and that for the 8 level raised, in fig. 7. Thus in all cases a larger value 
of b would be deduced. 
Relative cross sections in the 168 Er ground-state band could also be affected by 
multistep processes in the entrance and exit channels. Therefore, in order to extract 
a meaningful value of b from the present data, the theoretical uncertainties listed 
above would have to be resolved and a coupled-channel treatment of the reaction 
process would be required. However, since the calculated cross sections for the 2 
and 8 members are improved simultaneously by including a r[642]  admixture 
with a magnitude comparable to earlier suggested values, it is most likely that effects 
of the mixed target ground state have been observed. The present results require 
the amplitudes a and b to have the same sign, consistent with expectations for the 
lowest energy Coriolis-mixed band 25) 
It is interesting to note that although effects of the mixed 167  Er wave function 
were sought in an earlier study of the 167 Er(d, t)' 66Er reaction, they were not 
observed 14)  This is explained by the fact that the[642] orbital is below the Fermi 
surface for both 166  Er and 168 Er. Therefore the fullness parameter V that enters into 
the (d, p) transition amplitude for this orbital is large, and interference with the 
[633] transfer amplitude is significant. On the other hand, the emptiness parameter 
U, for the r[642]  orbital used in the (d, t) calculations, is quite small and the 
interference effects are not as important. For example, the effect of including the 
amplitude b = 0.2 increases the (d, p) cross section to the 2 member of the ground 
band by 65%, whereas the (d, t) cross section to the corresponding state in 166Er is 
increased only 20%, which is small enough to be masked by other effects. 
4.3. EXCITED K'=O' BANDS 
When a transferred[633] neutron is coupled with the [633] target neutron to 
form a K =0 configuration, the overlap with the ground-state band is V 2, the 
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probability that the superconducting ground state of 168 Er contains a[633] neutron 
pair. The remaining strength, proportional to 1 - V 2 = U2 , must go to excited K =0 
levels. There are three known excited K=0+  bands in 168 Er, based on levels at 
1217.1 keV, 1422.0 keY, and 1833.5 keV [refs. 13)J  The distribution of strength 
among the members of each band should be similar to that in the ground-state 
band, so one might expect observable cross sections for some of the 2, 4 or 6 
members. Since the value of V 2 =0.67 for the[633] orbital in the ground-state 
band yielded strengths in good agreement with experiment, two-thirds of the[633] 
transfer strength has already been accounted for. Therefore the remaining strength 
should add up to about half of that observed in the ground band, and any peaks 
seen will have very small intensities. An examination of table I shows that all but 
three of the band members which might have observable cross sections are unresolved 
from other strongly populated levels. These are the 2 member of the 1217.1 keV 
band and the 2 and 4 members of the 1422.0 keV band. The first of these has a 
strength large enough to be measurable in the present work, and angular distributions 
are shown in figs. 4 and 5. For the two members of the 1422.0 keY band, only upper 
limits to the cross sections could be obtained and angular distributions are not 
shown. The results are summarized in table 3, where the theoretical cross sections 
for each state were assumed to have the remaining strength (U2 =0.33) that was 
not included in the ground band. It is seen that the 1276.2 keV 2 member of the 
1217.1 keY band probably exhausts all of the remaining strength. Because of the 
mixed target ground-state effects discussed in the previous subsection, and because 
the cross sections are very small, there are large uncertainties on the calculated and 
the experimental strengths. However, the results indicate that the 1217.1 keV band 
has a large {r[633] - [633]} two-quasineutron component, consistent with the 
admixture of 60% reported by Grigoriev and Soloviev 29)  or the pure configuration 
as calculated by Lin et al. 8)  In the Bohr-Mottelson model, this band is interpreted 
as the f3-vibration and in the IBA model its dominant component is a 0-vibrational 
state '°). Thus both of these collective models describe the 1217.1 keV level as a 
single-phonon configuration, which could be expected to have a large 1' +[ 6331 - 
[633]1 component. Therefore the present results for this band are consistent with 
all these models, and do not serve to distinguish among them. 
The K'=0+ band based at 1422.0 keV is controversial because in the IBA 
description its wave function consists mostly of two-phonon components 10)  while 
Bohr and Mottelson argue that the K =0 two-phonon states should not occur so 
low in energy 4)  As two-phonon configurations should not be populated in a 
single-nucleon transfer reaction, the observation of a large strength to this band 
would contradict the IBA interpretation. One of the original purposes for undertak-
ing this project was to test whether any large two-quasineutron components could 
be observed in the 1422.0 keY band. The data shown in table 3 for the 2 and 4 
members at 1493.1 keY and 1656.2 keV, respectively, place an Upper limit of —20% 
for any possible 1[633]-  [633]1 admixture. Thus the present results for this band 
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also are consistent with all the various theoretical descriptions. It is noted that the 
Soloviev model 29)  and the work of Lin et al. 8)  both indicate the presence of a large 
{J521]—[521]} two-quasineutron component in the 1422.0 keV band. Such a 
component cannot be populated with a (d, p) reaction from the ' 67Er ground state, 
and therefore its magnitude cannot be measured in this study. 
4.4. THE y-VIBRATIONAL BAND 
The K ' = 2 band based at 821.1 keV was populated strongly in inelastic scattering 
experiments 3031)  and is generally interpreted as the -y-vibrational band 1b0)•  The 
microscopic composition has been calculated by Bes et al. 32)  and by Soloviev and 
coworkers 29.33)  All the calculations show that there are no two-quasiparticle com-
ponents which could result in significant cross sections in the present work. This is 
consistent with the results in table 1 and figs. 4 and 5, which show that the spin 2, 
3 and 4 members are populated extremely weakly. 
4.5. THE Kr=4_  AND K"=3, ff[633]±[52I]}  BANDS AT 1094.0 AND 1541.5 key 
The early (d, p) study of Harlan and Sheline 12)  showed that these bands were 
populated strongly by the transfer of a J521] neutron. Rotational members up to 
spin 7 have been observed in the present work, and the strengths are summarized 
in table 4. The measured angular distributions for all members are seen in figs. 4 
and 5 to be in very good agreement with the predicted curves. In these figures, the 
3 and 4 levels are seen to have quite large contributions to the cross section near 
6 = 15 ,  as predicted. The first maximum in an I = 1 angular distribution is at this 
angle, and the[521] wavefunction has a fairly large 1 = 1, j = amplitude. The 
higher-spin members of the bands are populated mainly by 1 = 3 and I = 5 transitions, 
and their angular distributions do not exhibit such structure. 
The I, K' =3, 3 level at 1541.5 keY is not resolved from the P  =4 level at 
1541.7 keV. The latter is a member of the K = 1 band based at 1358.8 keV which is 
discussed in subsect. 4.7. From the observed strengths for other K = 1 band members, 
and the theoretical ratios of cross sections within the band, the 4, 1 member is 
expected to contribute 20% of the observed cross section for the unresolved 
doublet. Thus, the remaining '80% of the intensity is attributed to the dominant 
3, 3 component, and these values are used in table 4. The predicted angular 
distributions for these two levels, with the strengths listed in the tables, are shown 
separately in figs. 4 and 5 as dashed curves. The summed curve, shown as a solid 
line, is in good agreement with the experimental data points. 
From table 4 it can be seen that the relative intensities within the bands have 
been predicted quite well by the model. The averaged configuration strength for the 
K = 3 band has values of S = 1.02 and S = 0.89 from the (d, p) and (t, d) data, 
respectively. This band therefore contains most of the {[633] — [521 ]} strength, 
TABLE 4 
The K' =4- and K" =3, {[633]±2'-[521]}  configurations 
Cross sections [ib/sr] 
Configuration 
(d, P)o=6o 
	 (t, d) 040 	 strength, $ 






unmixed U) 	mixed U) 	
mixed ') (d, p) 	(t, d) 
4,4- 1094.0 170.8 179.5 138 800.8 560 0.77 0.70 
5,4 1193.0 41.9 45.7 28 210.4 130 0.61 0.62 
6,4 1311.4 21.2 21.3 19 102.0 91 0.89 0.89 
7,4- 1448.9 6.3 6.0 7.4 27.2 27 1.23 0.99 
S=0.76 5=0.71 
3,3 - 1541.5 167.0 166.3 (184) ' ) 680.4 (644) ' ) 1.11 0.95 
4,3 - 1615.3 61.9 69.7 64 298.0 225 0.92 0.76 
5,3 - 1707.9 28.8 39.8 33 185.5 163 b) 0.83 0.88 
6,3 1820.1 12.5 16.9 27b) 83.1 obscured 1.60 
7,3- 1950.8 3.1 4.9 --6 b) 23.5 20  b) 1.22 0.85 
S= 1.02c) 5=0.89 ) 
U)  This level was not resolved from the I, K" = 4, F level at 1541.7 keV. The cross section listed here is the total for the unresolved doublet minus the 
relatively small fraction (20%) estimated for the 4, F state. See text. 
b) Level not well resolved. Value listed is total cross section for unresolved doublet or multiplet. 
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although it will be seen in subsect. 4.10 that there may be a small ( 10%) component 
of this two- quasi neutron state in the 1999.2 keV K" = 3 band. 
The averaged strengths for the K =4 band are significantly smaller than those 
for the K = 3 band; S= 0.76 from the (d, p) results and 0.71 from (t, d) data. This 
implies that the K" = 4 band at 1094.0 keV is not a pure {[633]+[521]} configur-
ation. This is also known from the 169Tm(t, a) 168 Er results "), which show that the 
band has a significant 17[523]+r[411]}  two-quasiproton admixture. 
4.6. THE K"=2 OCTUPOLE BAND AT 1569.4keV 
The octupole vibrational character of this band is known from the strong popula-
tion of its I" = 3 member in inelastic scattering experiments 30.31).  The microscopic 
composition calculated by Soloviev and coworkers 2933 ) does not include any two-
quasineutron components which should have large cross sections in the present 
work. Two components which could contribute small cross sections are the {[633] - 
r[ 521 ]1 and {[642]—[521]} configurations, with calculated admixtures 29)  of 
—35% and —8%, respectively. The first of these has small cross sections because 
the [521] orbital is a hole state. The latter component can have a weak, direct 
population by means of the r[642]  admixture in the target ground state. However, 
Coriolis mixing between the {r[642]—[521]}  component and the K"=3, 
{[633] — [5 21 ]} band probably contributes more importantly to the stripping 
strength. It has also been shown that Coriolis mixing among the various oôtupole 
bands can be important 34.3)  The Coriolis coupling computer program available 22) 
is not capable of handling such a complex situation. In a preliminary analysis of 
the present (d, p) data 24)  contributions from the mechanisms listed above were 
considered separately. It was found that cross sections of several p.b/sr could be 
explained for each of the band members, and therefore the weak populations listed 
in table 1 for these levels are not unreasonable. A complete analysis of this band 
would require a calculation in which all of the mixing effects among the complex 
states are considered simultaneously and coherently. 
4.7. THE K" = 1 AND K" = 6, {r[633]rct[512]}  BANDS AT 1358.8 AND 1773.2 key 
Harlan and Sheline 12)  tentatively assigned the K" = 1 band at 1358.8 keV as the 
f 2- [6331 -  t[5 12]) configuration. This band is also interpreted as the K" = 1 octupole 
vibration because its 3 member is strongly populated in inelastic scattering 
experiments 30.31)  This apparent contradiction is explained by the Soloviev 
calculations 29.33)  which show that the K" F octupole phonon is expected to 
have a 95% admixture of the {[633]—[512]}  configuration. The small but corre-
lated admixtures of other two-quasiparticle states still produce appreciable collec-
tivity. 
TABLE 5 
The KC = F and K" = 6, {r[633][512]} configurations 
Cross sections [ib/sr] 
Configuration 






experiment (d, p) 	(t, d) 
[keV] mixed') 
unmixed C) mixed') 
1,1 1358.8 14.0 13.7 12 70.3 49 0.88 	 0.70 
2,1 1403.7 42.0 41.6 43 213.3 173 1.03 0.81 
3,1 - 1431.4 55.0 52.4 39 267.8 185 0.74 	 0.69 
4,1 1541.7 41.4 41.9 obscured 211.4 obscured 
5,1 1574.1 19.1 17.4 21 C) 86.5 75 
C) 1.2 	 0.87 
6, F 1760.7 5.4 6.2- -12 30.6 obscured -1.94 
S=0.87") 	..074b) 
6,6- 1773.2 92.5 92.9 85 470.1 (387) ' ) 0.91 -0.82 
7,6 1896.3 97.5 85.2 152 421.7 820 1.78 	'1.94 
8,6- -2037 3.2 7.1 7 28.9 20 0.99 0.69 
C)  Level not resolved. Value listed is total cross section for unresolved doublet or multiplet. 	 - 
b) Only the strongly-populated, well-resolved, spin 1, 2 and 3 members were used in the calculation of the average configuration strength S. 
C)  Not resolved from spin-6 member of K" = F band. Value listed is total observed for doublet minus the estimated small contribution (-23jib/sr) for 
the 6, F level. 
ES 
1 
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In the present work the spin 1, 2 and 3 members were clearly resolved and the 
angular distribution shapes in figs. 4 and 5 agree very well with predictions. The 
calculated Coriolis-mixed cross sections, shown in table 5 and used to obtain the 
stripping strengths, require more discussion than those for other bands. It is noted 
from the level energies in table 1 that there is a significant odd-even shift of levels 
in this band. This arises from Coriolis mixing with the K =0 octupole band at 
1786.1 keV, which has only odd-spin rotational members. The K' = 0 octupole is 
expected 29)  to have a 25% admixture of the {[642]-r[512]}  configuration, which 
is connected to the {[633]-[512]}  state by a large Coriolis matrix element. The 
odd-even shift was reproduced in the present work by calculating the Coriolis effect 
on the odd-spin members of the = F band caused by a 25% admixture of the 
{[642] - t[512]} configuration placed at the energy of the K" = 0 band. For the 
even-spin members, the calculations were repeated without the 1[642] - [51211 
configuration present. This simple approach gave a good approximation to the 
odd-even staggering of the level energies. The predicted cross sections for the 
K = 1 band were also affected slightly by including this interaction, although the 
calculated changes were'--10% in all cases. The Coriolis-mixed cross sections listed 
in table 5 for the odd-spin members were obtained with the 25% {[642]-[512]} 
admixture present; those for the even-spin members were obtained with it absent. 
The configuration strength, averaged over the clearly resolved spin 1, 2 and 3 
members is 5' = 0.87 from the (d, p) results and 9 = 0.74 from the (t, d) data. These 
results confirm the prediction of the Soloviev model, that the K" = F octupole 
band contains a dominant {r[633] - t[5 12]} component. 
The higher-spin members were not resolved from other levels and have not been 
included in the calculations of S However, the spin-5 member is expected to have 
a larger cross section than the nearby 2, 2 level, and this appears to be confirmed 
by the results in table 5. 
The K" = 6, {[633]+[512]}  configuration is expected to produce some of 
the largest peaks in the spectra, and on the basis of the present work it can be 
assigned to the K" = 6 band at 1773.2 keV. The angular distributions shown in 
figs. 4 and 5, and the strengths listed in table 5, for the strongly-populated spin-6 
member are in excellent agreement with expectations. The configuration strengths 
for this level are S = 0.91 and S = 0.82 from the (d, p) and (t, d) data, respectively. 
The spin-7 member at 1896.3 keY is not resolved from several nearby levels. 
However, it is expected to have a large cross section, comparable to that of the 
spin-6 bandhead, and therefore explains over half of the large (d, p) intensity 
observed in the multiplet near 1895 keV. The two nearby positive-parity states are 
expected to contribute a negligible fraction of the observed intensity, and the 
remaining member of the multiplet, an I, K" = 4, 3 level, will be discussed in 
subsect. 4.9. 
The spin-8 member of this band was not located in the (n, y) studies 13)  but on 
the basis of the 1(1+1) rule it would be expected at -2037 keY. The stripping cross 
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sections are expected to be small, but there is evidence from both the (d, p) and 
(t, d) data for a weak peak near this energy. This member is mentioned because it 
is the lowest energy level not found in the (n, y) work which may have been observed 
in the present study. The proposed I, K = 8, 6 assignment listed in tables 1 and 
S must be considered as tentative. The observed cross sections are very small, 
consistent with predictions, but the (d, p) angular distribution is riot similar to the 
calculated curve. This could be caused by reaction mechanism effects of higher 
order than the single-step transfer process assumed in the DWBA calculations. A 
weakly-populated member of a band that has some strongly fed levels can be affected 
substantially by such effects, and the apparent good agreement for the possible 
I, K = 8, 6 level in table 5 may be fortuitous. 
4.8. THE K=4 BAND AT 2059.9 keV 
The spin 4 and 5 members of this band have fairly large cross sections in the 
present study, although not as large as for the corresponding levels in the 1094.0 keV 
band. The most likely configurations responsible for this population are the {[633] + 
[510]} state, or perhaps a portion of the {[633]+[521]}  strength which was 
missing from the 1094.0 keV band. The present study provides evidence, described 
below, which indicates that a fragment of the {[633]+[51O]}  configuration is 
being populated. 
The spin-5 member at 2148.3 keV has a (t, d) angular distribution which agrees 
better with the transfer of a neutron to the [510] than to the [521] orbital. The 
(t, d) results in fig. 5 are more distinctive than the (d, p) data in fig. 4, because of 
the higher beam energy used. For the [510] transfer to the spin-5 state, the 
calculated angular distribution has a prominent I = 1 peak near 0— 150,  which is 
not present in the curve for the[521] transfer. This difference arises because an 
= 1 transition populating the spin-5 state must have j = , and the C 121 coefficient 
in the wave function for the [510] state is an order of magnitude larger than the 
corresponding[521] coefficient. The experimental data in fig. S definitely agree 
better with the solid curve for the[510] transfer than with the dotted curve for 
the [521] transfer. It is noted that the [521] wave function has a considerable 
/ = 1, j = strength, which is prominent in the angular distributions for the spin 3 
and 4 members of the 1094.0 keV and 1541.5 keV bands discussed earlier. However 
the spin-5 members of these bands exhibit no large I = 1 strength, as expected. 
Additional evidence favouring a {r  [633]+[S 10]} assignment for the 2059.9 keV 
band is found in the relative cross sections for the band members. The observed 
(d, p) cross section for the spin-5 level is 61% of that for the bandhead. This agrees 
better with the theoretical value of 57% for the [510] transfer than with the 24% 
expected for[521] transfer. The (t, d) cross section for the S level is 73% of that 
for the 4 bandhead, and the calculated percentages are 61% and 25% for [510] 
and [521] transfers, respectively. 
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The results for this band are summarized in table 6, where it is seen that only 
about 35% of the expected {[633]+[510]}  strength is observed in the 2059.9 keV 
band. 
4.9. THE Kr=3  BAND AT 1828.0 keV 
The spin 3 and 5 members of this band have been resolved in the present (d, p) 
study. The spin-4 member is not resolved from the 1, K' = 7, 6 level discussed 
earlier in subsect. 4.7. In that discussion it was found that almost half of the (d, p) 
cross section for the multiplet near 1895 keV remained unassigned, and is probably 
due to the I, K =4, 3 level at 1892.9 keV which is being discussed here. This 
amounts to —68 gb/sr. 
As in the previous subsection, the question arises whether the observed strength 
for this band is due to transfer of a[510] or a [521] neutron. Once again the 
calculated angular distributions for the spin 5 levels are expected to differ, but in 
this case the cross sections are much smaller and the experimental data are not 
good enough to distinguish between the two possibilities. 
Using the observed (d, p) cross section of 70 p.b/sr for the spin-3 bandhead, and 
theoretical relative intensities within the band, one expects the spin-4 member to 
have cross sections of —55 p.b/sr and —26 pb/sr for neutron transfer to [510] and 
[521] orbitals, respectively. Therefore a {[633]—[510]}  interpretation for the 
1828.0 keV band would explain —80% of the unassigned cross section for the 
—1895 keV multiplet, whereas the {[633]—[521]}  interpretation would explain 
only about 38% of it. This preference for the {[633]—[510]} assignment is based 
on meagre evidence, and is therefore considered very tentative, particularly since 
the 4 state at 1892.9 keV may be affected by mixing with the nearby 4 level at 
1905.0 keV. The intensities listed in table 6 show that only about 25% of the 
{[633} — [ 510]} strength can be present in this band. - 
4.10. THE K"=4 BAND AT 1905.0 keV AND THE K"=3 BAND AT 1999.2 keV 
The (n, y)  studies 
3)  showed that the K = 4 band at 1905.0 keV decayed almost 
exclusively to the K' =4 band at 1094.0 kV, and that there were also very strong 
y-transitions connecting the K"=3 bands at 1999.2 keV and 1541.5 keV. One 
possible explanation for this phenomenon is that the two K = 4 bands could each 
contain significant admixtures of the same two-quasiparticle state, and the resulting 
similarities in wave functions could produce favoured transitions. A similar argument 
could be used for the K ' = 3 bands. It is therefore interesting to see whether 
{[633]±[521]} admixtures exist in the bands based on the 1905.OkeV and 
1999.2 keV levels, as these are the dominant components of the lower bands. 
Unfortunately, the present results do not provide a definitive answer to this 
question, because most of the levels populated in these two bands are not clearly 
TABLE 6 
Possible K" = 4 and K" = 3, {[633]±[5 10]} configurations 
Cross sections [p.b/sr] 
Configuration 






experiment (d, p) 	(t, d) 
[key] C) mixed 
unmixed ') mixed ' ) 
4,4 2059.9 346.9 291.9 100 892.3 260 0.34 	 0.29 
5,4- 2148.3 193.5 151.0 56 502.4 195 0.37 0.39 
6,4 2255.3 30.5 23.9 14C) 111.4 70') 0.58 	 0.63 
S-035 b) 5....Ø33 b) 
3,3- 1828.0 270.0 264.6 70 843.5 (250) 
C) 0.26 	 0.30 
4,3 1892.9 196.4 208.5 d) 678.3 
d) 0.34c) 
5,3 - 1983.0 64.9 65.3 8 237.1 26 0.12 	 0.11 
6,3 - 2091.2 13.2 11.1 5 
C) 51.2 18 C) 0.45 0.35 
S=0.24") 	9 .026b) 
C)  Level not resolved. Value listed is total cross section for unresolved doublet or multiplet. 	 - 
b)  Band members for which cross sections were expressed only as upper limits were not included in calculation of the average configuration strength S 
C)  Obtained from value of 320 tab/sr for unresolved multiplet, by subtracting 70 Lb/sr estimated for I, K" = 6,3 - level. 
d) See text. 
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resolved. There are two possible interpretations which are consistent with the data. 
One is that the K' =4 band contains a 29% {[ 633]+[51 0]} admixture and the 
K"=3 band has a negligible population. The second interpretation is that the 
K" = 4 band has a 32% 1 22+[6331+1-[5211} component, and the = 3 band has 
a 10% {[ 633 1 - J521 ]} component. Both of these descriptions give good fits to 
the observed angular distributions and absolute cross sections for all peaks 
involving these two bands. In summary, the data are consistent with the presence 
of {[633]+ [521]1 admixtures in these two bands, but do not provide proof for such 
admixtures. 
4.11. OTHER BANDS 
As mentioned in subsect. 4.7, the K=0.  octupole vibration is known to be 
located at 1786.1 keY. The microscopic composition 29.33) includes no two-
quasineutron components that should yield large cross sections, and the 'observed 
populations are indeed very weak. The = F band at 1936.5 keV is also populated 
very weakly. The Soloviev model predicts 29)  a K = I band near 2.1 MeV with 
98% {[633] - [523]}, and 1.5% {[633] - ' -[512])  admixtures. The observed cross 
sections listed in table 1 for the 1936.5 keV band could be explained by such 
components, but the intensities are too weak to make credible assignments. 
Davidson and coworkers 3)  have assigned an I, K" = 7, 7 level at 2122.4 keV. As 
the lowest expected K" = 7 two- quasi neutron band is the f7 +[6331+z-[514]1 con- 2 	 2 
figuration, it is of interest to test this possible interpretation. Although the levels in 
this region of excitation are not resolved, upper limits for possible cross sections 
indicate that the largest possible {r[633]+[5l4]} admixture in the 2122.4 keY 
level is -25%. Therefore some other interpretation must be sought. In view of this 
negative result, the expected low-lying {[ 523]+[404]} two-quasiproton state is 
a likely candidate and should be tested. 
The I, K' = 3, 3 level at 2262.6 keY is strongly populated in inelastic scattering 
experiments 30)  and is interpreted as the K = 3 octupole vibration. In the present 
work, the 2262.6 keV bandhead is not resolved from the 6, 4 level at 2251.3 keV. 
The results in table 6 show that a 35% admixture of the {[ 633]+[510]} configur-
ation in the 6, 4 level would explain only about half of the observed cross section 
to the doublet, so it is quite likely that the = 3 octupole bandhead is also 
populated weakly. 
All of the known negative-parity bands up to 2200 keV of excitation energy have 
now been discussed. With the exception of the possible 8 level at -2037 keV, there 
is no evidence in the stripping reactions for any levels not observed in the (n, y) 
studies. However, table I shows that there is a level at -2237 keV which has much 
larger cross sections in both the (d, p) and (t, d) reactions than would be expected 
for the known positive-parity states near this energy. This suggests the presence of 
a negative-parity level not yet known from the (n, y) data. This is above the range 
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of excitation energies for which the (n, -y) experiments have assured that the observed 
level set is complete. 
5. Summary and conclusions 
In this work the (d, p) and (t, d) angular distributions for several dozen levels in 
168Er have been examined, and specific two-quasineutron components for many of 
them have been determined. The complementary nature of various different reaction 
experiments has been shown clearly. For example, the interpretation of the present 
results relied heavily on the known excitation energies and I, K values which had 
been determined from (n, -y) and radioactive decay measurements. In some cases 
the knowledge that all levels were known (for I7 below —1.9 MeV excitation) 
was quite useful in allocating the observed (d, p) and (t, d) intensities. On the other 
hand, the single-nucleon transfer experiments provide a sensitive method of measur-
ing specific microscopic components in the wave functions of the levels, and can 
therefore make exacting tests of nuclear models. 
The present study has yielded admixtures of two-quasineutron states which can 
be formed by coupling a neutron to the[633] neutron of the 167  Er target. In some 
cases the bands are found to be almost pure two-quasiparticle in nature. For example 
the K 3 band at 1541.5 keY has essentially all of the J"[633] - ' -[521]1 strength. 
Other cases, such as the K"=4 band at 1094.0 keV, exhibit less than the full 
strength for their main two-quasiparticle components. There are also many bands 
which contain only small fractions of specific configurations. For example the 
2059.9 keV K'=4 and 1828.0 keV K'=3 bands have no more than —35% and 
—25% of the {[633]±[5 10]} configurations, respectively. A large fraction of the 
{[6331 ± 21-[5 1011 strength has not been observed in this study and must lie at higher 
excitation energies. 
The results have been compared mainly with predictions of the Soloviev model, 
primarily because it is the only one for which specific microscopic compositions 
for the various levels are available. This model appears to be quite successful, as it 
explains the populations of the vibrational bands very well, including the dominant 
{[633] — [512]} component in the k = 1 octupole band. 
These data have not been particularly useful in distinguishing between the IBA 
and Bohr-Mottelson descriptions of 168 Er, because the differences thus far outlined 
between these models occur for excited positive-parity states, which are populated 
too weakly to be observed in these reactions. Some interesting progress has recently 
been made on the problem of calculating single-nucleon transfer strengths in the 
extended IBA model 36),  especially since the effects of Coriolis mixing are already 
included in the hamiltonian. At present, however, this approach is limited in the 
range of orbitals which can be treated, and more progress is awaited. 
It is noted from tables 4-6 that the averaged configuration strengths extracted 
from the (t, d) results tend to be slightly smaller than those from the (d, p) data. 
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The difference is, however, typically 15%, and is therefore well within the —30% 
uncertainty on the absolute values of the DWBA calculated cross sections. 
The results of this study have also provided evidence for the mixed nature of the 
167 Er target ground state. An admixture of —4% of the [642] orbital, to the 
predominantly[633] state, yields predicted cross sections for the 168 Er ground 
band which agree better with experiment than those calculated with the pure target 
ground state. Such an admixture is consistent with expectations. Calculations show 
that the presence of this admixture affects the ground-state band much more than 
any of the other bands discussed quantitatively in this work. The only other cases 
for which the calculated cross sections are affected significantly by this admixture 
are ones such as the K '  = 2 octupole band, which have no components that can 
be populated directly from a pure[633] ground state. Even for this case, the 
strength brought into the band by the mixed target wave function is small compared 
with that arising from Coriolis mixing of the final states. 
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Abstract: The successes of the IBA and quasiparticle-
phonon model of Soloviev in describing the large body of 
recently-published single- and two-nucleon transfer data for 
168Er are summarized. The Soloviev model is more useful for 
describing the strengths and for classifying the levels ob-
served in these studies. The IBA is less useful since only 3 
of the 18 bands observed up to 2 MeV are within the frame-
work of the model with s and d bosons only. These are the 
ground state (Ot),  and the 2+ and 0+ bands. Furthermore, the 
IBA does not give predictions for the large number of sin-
gle-nucleon transfer strengths. 
Several years ago, a detailed study of the 167Er(n,Z) 
reaction led to the establishment of 20 rotational bands in 
168 Er. The unprecedented detail of level energies and radi-
ative decay modes' led to a large number of theoretical in- 
- terpretations based on the traditional collective model 24 , 
the shell model 5,  the quasiparticle-phonon model of Solo-
viev68 , a microscopic analysis 9 , and the interacting boson 
(IBA) model 102 . Of these treatments, most attention has 
been focussed on the IBA, particularly following the suc-
cess 10 of this model in explaining the level energies and 
gamma-ray branching ratios of collective states in 168Er. 
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Earlier tests of the various interpretations 2-12  have been 
limited in that comparisons with data have been based almost 
exclusively on the excitation energies and branching ratios 
reported in ref. 1. What has been conspicuously missing is a 
detailed knowledge of the microscopic structure of the 168  Er
levels, which is of crucial importance in distinguishing 
among the conflicting interpretations. 
Given the widespread interest in the 168  Er level 
scheme, some new measurements have been made 13-17  to provide 
data that may test the various theoretical predictions. 
Firstly, further analyses of the original neutron capture 
data, together with some additional measurements 13-14  of 
portions of the capture gamma-ray spectrum, have now in-
creased the number of assigned rotational bands to 36. 
Secondly, an extensive program of single- and two-nucleon 
transfer reaction studies was initiated to provide addi-
tional microscopic nuclear structure information. Measure-
mentsof (p,t) and (t,p) reactions 15,  (d,p) and (t,d) reac-
tions!6 and (t,a) reactions 17  have now been completed. This 
work reviews the main findings that are pertinent to tests 
of nuclear models, in particular the IBA and Soloviev mod-
els. To summarize the results, all known rotational bands up 
to 2 MeV are listed in Table 1. The detailed comparisons of 
predicted and observed strengths cannot be presented in the 
space available here, but are available in the published 
literature 1517 . 
All models which have been used to describe 168Er have 
a ground state (O r) band, and low-lying 2 and rotational 
bands which are similar to the beta and gamma bands in a 
geometrical picture. Because of the success of the IBA model 
in predicting the enhanced transitions between the O and 2t 
bands, and because of the plethora of bands predicted by 
this model, it is especially important to investigate fur-
ther the structures of higher-lying bands to determine 
whether their properties are consistent with IBA pre-
dictions. 
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The largest body of experimental data which could be 
analysed in terms of spectroscopic strengths exists for the 
single-nucleon transfer reactions; for the 18 bands listed 
in Table 1 there are over 75 (d,p) and (t,a) strengths which 
have been considered. These results were discussed 16,17  in 
terms of the quasiparticle-phonon model of Soloviev 6 because 
it is the only model for which quantitative predictions of 
the single-nucleon transfer strengths could be obtained. The 
detailed agreement between the experimental results and the 
predictions is very good, especially when one considers that 
the predictions were published before the measurements were 
made, and thus no optimization of parameters was involved. 
Some of the bands listed in Table 1 are predominantly 
two-quasiparticle configurations which could be identified 
from the reaction data, and for these the Soloviev pre-
dictions are excellent. Others are collective bands for 
which the microscopic compositions include two-quasiparticle 
components that can be populated by the single-nucleon 
transfer reactions. In general, there exists good qualita-
tive agreement between the observed and predicted admixtures 
for such collective states, and in many cases the agreement 
is quantitative. 
Unfortunately, the IBA has not yet been developed to 
the stage where predictions of single-nucleon transfer 
strengths can be made from this model. Although some inter-
esting progress has been reported in this direction using an 
extended IBA model 18 , further development is awaited. 
In the framework of the IBA, 168  Erhas been de-
scribed 10 as a nucleus near the SU(3) limiting symmetry. In 
this description a correspondence can be made between the 
SU(3) bands and the more familiar beta, gamma, and multi-
phonon excitations of a geometrical description 19.  Labell-
ing the IBA bands in terms of geometrical phonons is con-
venient for semantic reasons. However, one has to be aware 
that there is not an exact correspondence in structure be- 
tween, for example, the 4 band of the SU(3) limit of the 
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IBA and a beta vibration of a geometrical model. The 
significance of this distinction is more important when one 
is discussing 168 Er, which is not a pure SU(3) nucleus. 
In the perturbed SU(3) calculations 10  using only s and 
i d bosons for 
168 
 Er, the wave functions of states n the 03 , 
and 2t  bands have complex structures, but the dominant 
components in these wave functions' have quantum numbers 
for which direct population in single- or two-nucleon 
transfer reactions is forbidden. Therefore, the populations 
can occur only by multistep processes in the reaction, or by 
the relatively small components in the wave function that 
can be fed by allowed transitions. 
These expectations of the IBA model with s and d bo-
sons only are contradicted by the (t,p) and (t,a) data 15 "7 . 
The (t,p) strengths to the "multiphonon" 0 and 4 states 
are much stronger than the IBA predictions 15  and are also 
too strong to be attributed to multistep processes in the 
reaction mechanism. Similarly, the O state at 1833 keV is 
predicted by the IBA to be predominantly "multiphonon" in 
character but is found to have significant (t,p) strength 15 
and a large (t,a) strength 17 . The (t,cx) data show that this 
band contains a 25% admixture of the {l/2+[411]-l/2+[411J) 
two-quasiproton configuration. Therefore, the IBA in its 
simplest form, with s and d bosons only, does not properly 
describe the 0+  and  2+  bands which are higher than the so-
called beta and gamma bands. 
Recent IBA calculations 12  in which s, d, and g bosons 
are included have been able to reproduce the observed (t,p) 
strengths to the O, 0 and 4 states, and also part of the 
strength for the IKL43+  state at 1736 keV. The latter is 
completely outside the framework of the IBA with s and d 
bosons only. It is therefore clear that the IBA must be ex-
tended to include at least g bosons in order to explain the 
properties of these states. Since single-nucleon transfer 
strengths have not yet been calculated it is still not yet 
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known whether the s,d,g boson model could explain the large 
two-quasiproton admixture in the 0 band. On the other hand, 
the Soloviev model predicts this (l/2+[4l1]-l/2+[4l1]) ad-
mixture to be 30%, in very good agreement with the observed 
value of 25%. Unfortunately, the (t,p) strengths predicted 
by the Soloviev model are not yet available. The O, 0
9  
O, and 4 states are all predicted to have single-phonon 
character in this model, and therefore allowed populations 
could follow naturally, but it would be of interest to know 
the predicted strengths. 
The successes of the IBA and Soloviev models in re-
producing the particle-transfer strengths are summarized in 
Table 1. The Ot, O, and 2t bands are explained by the IBA 
with s and d bosons. The 0, 0, 2 bands and the K3 band 
at 1736 keV require that g bosons be included in the IBA. 
The ten negative parity bands listed in Table 1 would obvi-
ously require the addition of negative parity bosons. In 
contrast, the Soloviev model is successful in describing 
essentially all of the bands in Table 1. 
In conclusion, the Soloviev model is more useful for 
classifying the levels and for providing insight into the 
detailed structure of 168  Erobserved in the large body of 
particle-transfer data. The IBA is less useful because a 
large fraction of the observed levels are outside the 
framework of the model with s and bosons only. Another se-
rious shortcoming of the IBA at its present stage of devel-
opment is that it does not provide microscopic wave func-
tions. It is important that efforts be made to calculate 
such wave functions from this model, because single-nucleon 
transfer data have provided insight into the, details of the 
wave functions of collective excitations and it would be 
illuminating to apply this powerful tool to test the IBA 
more fully. 
lable 1. Particle transfer strengths in 168  Er 
IBA WITH S AND D BOSONS SOLOVIEV 
MODEL 
(ref. 	10,15) (ref. 	6,8) 
(t,p) MODEL 	DATA (t,a) 
(p,t) NOT CONTRADICT (d,p),(t,d) 
EXPLAINED APPLICABLE 	MODEL EXPLAINED 
BAND 
Tt K 	ENERGY 
(keV) 
O1 + gsb 0 	x x 
2Y 821 	x x 
4 1094 x x 
0 1217 	x x 
1 Oct 1358 x x 
O 1422 x a) 
3 1541 x x 
2 Oct 1569 x x 
3 1653 x x 
6 1773 x x 
0 Oct 1786(1=1) x x 
3 1828 x (x) 
O 1833 x a) 
2 1848 x a) 
4 1905 x x 
2 1930 x 
1936 x x 
3 1999 x x 
a) The (t,p) population of these bands has been explained by 
12 including g bosons. 
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Abstract: The 169 Tm(f, a) 168 Er reaction has been studied using 17 MeV polarized tritons from the Los 
Alamos National Laboratory tandem Van de Graaff accelerator. The a-spectra were analyzed with 
a Q3D magnetic spectrometer. The overall energy resolution was typically - 15 keV (FHWM) and 
angular distributions of cross sections and analyzing powers were obtained for levels up to - 2.7 
MeV. The fact that spins and parities for all levels up to 2 MeV were previously known from an 
extensive series of (n, y) studies made it possible to determine specific two-quasiproton structures 
for many bands from the present results. The K" = 2 - y-vibrational band was found to have a large 
([411] +[4111} admixture, consistent with the predicted microscopic composition of this 
phonon, but no (2 [4l 3] - [4lll) component was observed. The K = 04 band at 1833 keV 
has - 25% of the ([411] - [4111} two-quasiproton strength. This is in excellent agreement 
with the Soloviev model but is inconsistent with the interacting boson model, in which the K" = 0 
band is composed almost completely of multiphonon configurations that should not be populated in 
a single-nucleon transfer reaction. The K" = 4, ( [523j,, + + [4111 p ) two-quasiproton and the 
K" = 4-, (2 + [633],, + [5211,,) two-quasineutron states are mixed strongly with each other, but 
the two K" = 3 bands composed of antiparallel couplings of the same particles are not. A good 
qualitative explanation of this mixing pattern is provided in terms of the effective neutron-proton 
interaction. 
E 
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A( E,,, 0). 168  deduced levels, two-quasiparticle Nilsson assignments. 
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Abstract: The 169 Tm(f, a) 168 Er reaction has been studied using 17 MeV polarized tritons from the Los 
Alamos National Laboratory tandem Van de Graaff accelerator. The a-spectra were analyzed with 
a Q3D magnetic spectrometer. The overall energy resolution was typically - 15 keV (FHWM) and 
angular distributions of cross sections and analyzing powers were obtained for levels up to - 2.7 
MeV. The fact that spins and parities for all levels up to 2 MeV were previously known from an 
extensive series of (n, y)  studies made it possible to determine specific two-quasiproton structures 
for many bands from the present results. The K" = 2 ' y-vibrational band was found to have a large 
(' '[411] + [4111} admixture, consistent with the predicted microscopic composition of this 
Phonon, but no 
(2 [413] - [4i']) component was observed. The K = 04 band at 1833 keV 
has - 25% of the ([411] - [4111} two-quasiproton strength. This is in excellent agreement 
with the Soloviev model but is inconsistent with the interacting boson model, in which the K" = 04 
band is composed almost completely of multiphonon configurations that should not be populated in 
a single-nucleon transfer reaction. The K" = 4, { [523] , + + [411] , } two-quasiproton and the 
K" = 4, {[h33l,, + _[5211 n  ) two-quasineutron states are mixed strongly with each other, but 
the two K" = 3 bands composed of antiparallel couplings of the same particles are not. A good 
qualitative explanation of this mixing pattern is provided in terms of the effective neutron-proton 
interaction. 
Lo 
NUCLEAR REACTIONS 169 Tm(polarized t,a), E= 17 MeV; measured o(E,9), 
A( E, 0). 168 deduced levels, two-quasiparticle Nilsson assignments. 
1. Introduction 
Within the past few years, 168  Er has become one of the best-studied well-deformed 
nuclides, and proponents of various nuclear models have argued vigorously about 
the interpretation of the observed levels. The great interest in 168 Er began when 
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Davidson et al.') presented results from a series of 167 Er(n, y) experiments, and 
assigned spins and parities to -. 20 rotational bands in the first 2 MeV of excitation. 
Further analysis of these data, combined with some additional measurements 2.3), 
has increased the number of assigned rotational bands to 36. Furthermore, 
because of the average resonance capture technique used, it was claimed') that all 
levels of spin 2 to 5 up to - 1.9 MeV excitation had been found. The completeness 
of this set of known levels made 168 Er a useful testing ground for nuclear models. 
Although success was claimed for the interacting-boson approximation') (IBA) and 
for the Bohr-Mottelson model 5),  Seiwert et al. 6)  have recently shown that these and 
other models work equally well for explaining level energies and branching ratios. 
In order to determine the microscopic structures of 168 Er levels, a series of 
single-nucleon and two-nucleon transfer reactions was undertaken. The 
166 Er(t, p) 168 Er and 170 Er(p, t) 168 Er results have recently been reported 7).  The two-
quasineutron configurations populated by the 167 Er(d, p)' 68 Er and 167 Er(t, d) 168 Er 
reactions have also been described 8)  and were found to be explained very well by 
the quasiparticle-phonon model of Soloviev 9 ' 10 ). The present work reports measure-
ments of two-quasiproton configurations, populated by means of the 169Tm(t, a) 168 Er 
reaction with beams of polarized tritons. These data, when combined with the I, K' 
values which are well known from the extensive (n, y) studies 1_3),  provide definite 
microscopic descriptions of several bands. When combined with the single-neutron 
transfer data'), they also provide a clear indication of significant mixing between 
certain two-quasiproton and two-quasineutron configurations. 
2. Experimental details and results 
The target used for the present work was a self-supporting foil of metallic thulium, 
with an areal density of - 140 1g/cm 2 , prepared by vacuum evaporation. The 
apparatus and experimental techniques used were the same as in several previous 
(1, a) studies '' 5 ), and therefore will be described only briefly here. Beams of tritons 
from the Los Alamos polarized triton source were accelerated to 17 MeV in the Los 
Alamos FN tandem Van de Graaff accelerator. The reaction products were analyzed 
with the Q313 magnetic spectrometer and detected with a helical-cathode position-
sensitive proportional counter 16).  Measurements were made at laboratory reaction 
angles of 12° and from 15° to 450  in 5° steps. Each measurement consisted of one 
run with the triton spin "up" and one with the spin "down". The polarization of the 
beam, measured before and after each spectrum using the quench-ratio method 17) 
remained quite stable during individual runs, and during the course of the experi-
ment the values were between 0.60 and 0.70. The spin "up" spectrum at 0 = 30 0 is 
shown in fig. 1. The overall resolution for the a-spectra was typically - 15 keV 
(FHWM). 
Intensities of peaks in the alpha spectra were converted to cross sections by using 
a silicon monitor counter in the target chamber to record elastically scattered tritons 
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Fig. 1. The a-spectrum from the spin "up" run of the 169 Tm(r, a) 168 Er reaction at 0 = 300. The prominent peaks up to - 2.5 MeV excitation 
are labelled according to the rotational-band assignments from (n, y)  studies as described in the text. Dashed lines are used to indicate known 
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at C = 300. The known solid angles of the monitor and the spectrometer were used in 
this normalization, as was the elastic scattering cross section at 0 = 30° (lab). This 
cross section was assumed to be 3800 mb/sr (- 82% of the Rutherford value) as 
predicted by an optical-model calculation with the program 18)  DWUCK4, using the 
ro = 1.24 fm set of triton optical parameters from the work of Flynn et al. 19)  The 
cross sections from the spin "up" and spin "down" runs were used to calculate 
analy4ng powers and unpolarized cross sections as described in ref s. 11_13).  Angular 
distributions of the cross sections and analyzing powers are shown in fig. 2. The 
curves shown in this figure are calculated values for specific final state configura-
tions as discussed in sect. 3. 
In addition to the main body of (1, a) experiments described above, some 
measurements were also made with unpolarized tritons at McMaster University. For 
these, triton beams were obtained from the McMaster FN tandem Van de Graaff 
accelerator and the reaction products were analyzed with an Enge split-pole mag-
netic spectrograph. The first measurements were made with 15 MeV tritons and the 
alpha spectra were recorded with photographic emulsions. These were preliminary 
runs, made before the series with polarized tritons at Los Alamos, to find which 
levels were populated. As described earlier'), the population of a level near - 1895 
keV supported a K'T = 0 + interpretation for the new 2 ± level found at 1893 keV by 
Kleppinger et al. 20),  and the possibility of testing this interpretation provided 
incentive for performing the (F, a) measurements. 
During the course of the (F, a) experiments at Los Alamos, there was a problem 
caused by large numbers of inelastically scattered tritons reaching the focal-plane 
detector when measurements were being made at small angles. Because of the finite 
resolution for the AE signal in the counter gas, some of these events fell in the 
a-particle window of the particle-identification system, causing a continuous back-
ground in the spectra. This was noticeable at 0 = 15°, and was serious enough at 
smaller angles that runs were made at 12° rather than 10° as originally intended. For 
these angles the A E window was reduced in width somewhat, in order to minimize 
the background. 
Later, during analysis of the data, it was felt that this reduction of the L'iE window 
may have decreased the detection efficiency for a-particles in the spectra at 0 = 12° 
and 15°. It was considered important to have reliable cross sections at these angles, 
because the main differences in angular distributions for the strong 1 = 2 and / = 5 
transitions occur for 0 20°. Therefore another set of measurements was made at 
McMaster, using 17 MeV tritons and a position-sensitive counter of the Markham-
Robertson type 21)  to detect the a-particles on the focal plane of the split-pole 
spectrograph. Spectra were recorded at angles of 100,  15°, 20° and 25°, to obtain 
reliable intensities at 10° and 15° and also some overlap with the earlier measure-
ment. It was concluded that any possible decrease in detection efficiency for the 
Ct, a) runs, caused by decreasing the z.E window, was < 15%. The results from these 
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Fig. 2. Angular distributions of cross sections and analyzing powers for groups observed in the 169Tm(F, a)168 Er reaction. The circles are data 
points and the curves are predictions for specific configurations as described in the text. Error bars shown for the cross sections are the 
statistical errors added to 10% in quadrature. Those for the analyzing powers are the statistical errors only. The groups are labelled by the 
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(1 + [411] , + ± [411],) and ( ± [413] , - I ± [411]p } configurations, respectively. The dashed cross section curves shown for the unresolved 
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cross sections shown in fig. 2, and have been used to provide the C = 100 cross 
sections shown. This explains why there are cross sections shown for 0 = 10°, but 
not analyzing powers. 
Calibration of the Q3D spectrometer for determination of excitation energies was 
achieved by recording spectra from the ' 59 Th(t, a) 158 Gd reaction during the 
169 Tm(F, a) 168 Er measurements, without changing the magnetic field. The known 
excitation energies for levels populated' 5 ) in ' 58 Gd were used to establish a 
polynomial relating channel number in the spectrum to p (the radius of particle 
trajectories in the magnetic field). This calibration covered the region of excitation 
energies from 560 keV to - 2900 keV in 168  Er. Within this range, the measured 
level energies have uncertainties of ± 5 keV. The values listed in table 1 were 
measured relative to the strongly populated I, K' = 3,2' state at 895.7 keV. 
Energies measured from the 15 MeV (t, a) experiments using photographic plates are 
TABLE 1 
Levels populated in the 169 Tm(f, a)' 68 Er reaction 
Energy [key] 
(n. -y)') 	(t,a)') 	(t.a)) 
[17 MeVJ 	[15 MeVI 
do 































0 0 5 0.85±0.15 
79.8 80 92 -0.40+0.04 
264.0 265 9 -0.44 ± 0.14 
548.7 3 0.45 +0.22 
821.1 822 822 20 -0.07+0.09 
895.7 895.7 894 44 0.37+0.06 
994.7 994 992 9 -0.13±0.15 
1094.0 1092 4 0.44+0.21 
1193.0 1191 1192 12 0.31 +0.11 
1311.4 1309 1311 31 0.67±0.06 
1493.1 - 1490 - 3 
1707.9 2.5 
1820.1's 





1896.3 1895 1894 42 -0.24±0.08 
1902.6 
1905.0 
1983.0 1984 -1979 14 0.55±0.18 
1999.2'k> 2001 2000 37 0.44+0.10 
2001.9) 






















(n, 	) (t, a)b) (t, a)c) 
do 
[b/sr]d) 
A. ± 	A C) I. K 
Interpretation, or 
configuration 
[17 MeV] [15 MeV] 
[17 McV] populated 
2089.3) 
2091 2088 17 0.38±0.17 43 
20912 1 6,3 
2118.7 2120 2118 41 0.60±0.08 6.4 [523]+[4l1] 




2196 120 0.44±0.05 + [411) + 	[411] 22004 ! i:;- - [s23]- [411] 
2254.8 3.2 1 3 	[4111+r[411] 
2255.3 2256 2253 47 0.77 ± 0.12 6.4 
2262.6) 3,3 
2279.6 4.3 
2286 8.5 -0.76 
2331.9) 
2330 2326 120 0.45±0.05 6,3 - [523]- 	+ [411] 
2336.21 4.2 k [411]+ -- [411] 
2348.5 4,3 
2365.1 2356 - 5 -0.6+0.5 55 
2365.3) l.1 [411]-[411] 
2392.6 4,2 
2393.6 	2394 	2390 	 62 	0.37±0.102.1 	[411]-[411J 
2402.3) 4.3 
2425.4 	-2428 	 11 	0.56±0.11 	2,2 
2451.1 2456 2455 37 0.05±0.07 5.3 
2477.fl 5.5 
2478.1 2482 -2479 30 0.13±0.07 (31) [41i]-[411} 
2484.5) 	 32 
	
2540 	 20 	0.13±0.09 
2602 8 0.55±0.13 
2657 	 24 	0.22+0.08 
2790 16 0.21±0.10 
2875 	 25 	0.07+0.08 
) From refs. 3 ), truncated to the nearest 0.1 keV. 
b) Averaged energies from the Los Alamos runs. Since the 169 Tm(t, a) Q-value is - 560 keV greater 
than that of the 159 Tb(t, a) reaction which was used for energy calibration, there was no reliable 
calibration for the first - 560 keV of the spectra. The energies given have been measured relative to that 
of the well-known 895.7 keV, 3 member of the y-band. 
C)  Average of results from spectra at two angles recorded with photographic plates at McMaster. 
Calibration had been established earlier, using 8.78 MeV a-particles from a 212  P source at the target 
location. The uncertainties on these values range from - 2 keV at low energies to - 5 keV for levels 
above 2 MeV. 
d) Cross sections at U = 30° from fits to experimental angular distributions (see text). 
C)  Experimental analyzing powers at U = 30°. 
i) Populated by means of its {[4ii] + + [411] p ) admixture. 
E) Single-neutron transfer experiments have shown that the dominant component of this band is the 
2 + [633] + - [5211, }two-quasineutron state. The configuration indicated here is responsible for the 
population observed in the present (t, a) experiments. 
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shown also in table 1, because these include values for the entire range of excitation 
considered. When reference is made to level energies in the text which follows, the 
values used are those from ref.'), truncated to the nearest keV. 
The experimental results are summarized in table 1, where the cross sections and 
analyzing powers at 0 = 300 are listed. In some cases an observed peak may 
correspond to two or more unresolved but previously known levels, as indicated. For 
a more complete list of known levels, see refs. 1.3.8)  The I, K' values listed in table 
1 are from earlier works'- 3  ), and the interpretations shown are discussed in sect. 3. 
3. Interpretation and discussion of the results 
3.1. CALCULATIONS AND GENERAL PROCEDURES 
The results are interpreted in terms of two-quasiparticle excitations in the Nilsson 
model, with pairing and Coriolis-mixing effects considered. The transition populat-
ing each final state contains, in general, amplitudes for several j- and 1-values, but 
the spectroscopic strength for each f-value cannot be extracted reliably from the 
experimental angular distributions of the present work. Therefore, as in previous 
studies of even-even final nuclides 8.15)  the predicted cross sections (and analyzing 
powers) for specific configurations are compared with the experimental values. 
Theoretical wave functions were obtained by performing a Nilsson calculation and 
then including the effects of pairing and Coriolis mixing. The Nilsson model 
parameters K = 0.0637 and = 0.600 were used, with a quadrupole deformation of 
= 0.30. Expressions for the cross sections of rotational band members, and 
methods of including effects of pairing and Coriolis mixing, have been described by 
Elbek and Tjøm 22 ). In the present work, the calculations were performed with the 
program EVEPLT 23 ), which uses wave functions constructed for each two-quasipar -
tide state as described in ref. 24) 
The intrinsic single-nucleon transfer cross sections used for the theoretical predic-
tions were obtained with the program 18)  DWUCK4. The optical-model parameters 
adopted were the same as those used in earlier (, a) studies 13.14)  on neighbouring 
targets of "'Er, 118  Er and "'Er, except that the standard non-local parameters " ) 
$ = 0.25, 0.20 and 0.85 were used for the triton, alpha and proton, respectively. No 
finite-range corrections, and no lower cutoff to the radial integration were used. The 
normalization factor, N = 32.5, was the same as for the Er(f, a) studies' 3,14)  As 
described in previous works [e.g. refs. 12.13)]  there is a large uncertainty in the 
absolute value of the normalization factor for the (t, a) reaction, and therefore only 
relative values for the cross sections can be calculated reliably. However, it will be 
seen that the values calculated as described above appear to be in reasonably good 
agreement with the present experimental results. 
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The odd proton in the 169Tm target ground state is in the 	[4111 Nilsson orbital. 
Therefore the only levels which can be populated in a direct single-step (t, a) 
reaction must have two-proton components in which one of the protons is in the 
[411] orbital. As the I, K' values for all bands discussed are already known from 
previous studies' 3),  the main emphasis in this work is to determine the admixtures 
of specific two-quasiproton configurations in the bands. The present results are not 
used directly for assigning spins and parities of levels, although in many cases they 
provide confirmation of earlier assignments. In several instances, use has been made 
of the fact that all levels up to - 2 MeV of excitation, within a certain range of spins 
and parities, are known from the average resonance capture (n, y) studies. In some 
cases, use has been made of the model-dependent argument that only the 2d 3/2 , 
2d 5/21 1hl1/2 and 19 72 shells can contribute large strengths in this mass region. 
Since / = 2 transitions can be distinguished from ones of higher /-values by the 
cross-section angular distributions, and since the j = / + 1 couplings have analyzing 
powers with signs opposite to those of j = 1— ones, each of these four dominant 
j,1 combinations can be identified for strong transitions. 
For each band discussed in the present work, the angular distributions of cross 
sections and analyzing powers are compared with theoretical curves, which are 
superimposed on the data in fig. 2. The curves for the cross sections have been 
adjusted vertically to obtain the best visual fit to the experimental data. For each 
level that was compared with theoretical curves, the cross section presented in the 
tables is the value from the curve at C = 300. In this way, data from all angles are 
effectively used in the comparison of measured and predicted cross sections, rather 
than data from one angle only. 
3.2. THE K" = O BANDS 
3.2.1. The ground-state band. The ground-state band is populated by picking up 
the unpaired + [411] proton from the 169Tm target ground state. Since the + [4111 
orbital originates in the 2d 3/2  shell, the main spectroscopic strength has I = 2 and 
j =. The only member of the ground-state band which can be reached by 
j= 
transfer is the one with spin 2, and fig. 1 shows that this member has the dominant 
cross section. The angular distributions seen in fig. 2 for this strongly populated level 
are in excellent agreement with the predicted curves. The distinctive negative 
analyzing powers are characteristic of a transition with j = 1— for the conditions 
of the present experiment. The measured cross sections are also in good agreement 
with the calculated values, as can be seen in table 2. It is clear, however, that the 
observed angular distributions shown in fig. 2 for the weakly populated 0 ' and 4 ' 
members are not well described by the calculated curves. The 6 member should not 
be populated in a direct single-step pickup process, and the weak population 
observed suggests that multistep processes are probably present in the reaction 
mechanism. Such effects have been observed earlier for (f, a) reactions 15.25)  It is 
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TABLE 2 
Population of the K 0 = 0 	bands in the 169 Tm(t, a)' 65 Er reaction 





unmixed 	 mixed 
0.0 0 5.3 	 5.3 5 
2,0 4 79 81 80 92 
4.0 264 8.5 	 8.6 9 
6.0 548 0 0 3 
0,0 1833 3.6 	 3.6 < 
2.0 1893 37 37 42) 
4,0 2031 3.5 	 3.5 —4 
) For the ground-state band, the pairing factor used for the 	[411] orbital in the ground state of 
'"Er was assumed to be U 2 = 0.75. Calculations for the excited K 0 = 0 band used I - U 2 = 0.25. 
h)  This value is the total cross section for an unresolved multiplet. 
') Although this level is not resolved from nearby levels, most of this cross section is due to the 2 
kvel indicated here. See text. 
common that the weakly populated members of a band are not well described by the 
single-step reaction process, especially when one or more members of the same band 
have large cross sections. In view of the very good agreement with expectations for 
the strongly populated I' = 2 member, and for the general pattern of cross sections 
shown in table 2, the main features of this band are considered to be quite well 
explained. 
3.2.2. The 1833 keV band. Table 2 also shows results for the K' = 0 band based 
on the 1833 keV level. It contains a large (-L + [411] - [4111} admixture and has 
a population pattern similar to that of the ground-state band. This band was not 
found in the original analysis of the (n,)') data'), and the 2 member at 1893 keV 
was first reported by Kieppinger et al. 20).  Other members were assigned when (t, p) 
measurements 2,7)  located the 0 member at 1833 keV. 
The preliminary (t, a) experiments with unpolarized 15 MeV tritons showed that a 
level at - 1895 keV was populated strongly. Although there were known levels with 
I values of 4, 6 ' and 7 near this energy (see table 1), their population from an 
I = 1 + target would require spectroscopic strength from f 7/2 , h 9/2 ,. i or j shell-model 
states, and none of these occur in the 50 < Z < 82 shell. Although there are small 
f7/2 and h 9/2 amplitudes in the Nilsson orbitals originating from the h 11/2 shell, 
these are much too small to explain the observed (t, a) cross section for the - 1895 
keV group. Therefore the observed (t, a) cross section for this multiplet is due mostly 
to the 2 level at 1893 keV. This 2 level could be populated by I = 2 transitions 
with either j =or j = , but if the population is due to a K" = 0, ([411] 
- [411],} admixture, the j = strength should dominate, as in the ground state 
band. One of the original objectives for the (F, a) measurements was to test this 
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interpretation, as the (- L + [411] , - 	[411] } configuration is the only one which 
would be expected to have appreciable d 3/2 strength. The results in fig. 2 show 
clearly that the transition is predominantly due to d 3/2 pickup. The angular 
distribution for the cross section is well-fitted by the 1 = 2 curve, and the analyzing 
powers are negative. The small deviations of the analyzing powers from the predic-
ted curve in fig. 2 are probably caused by small populations of other unresolved 
levels, such as the I,K'=4,4 level at 1905 keV, which have positive analyzing 
powers. 
The relative cross sections for the various band members, shown in table 2, are 
also in good agreement with the {k + [411] P - ' p[41 11 , } interpretation. The calcu-
lated cross sections in this table assumed that all of the (1 ± [411] , - + [411] ,) 
strength which did not go to the ground-state band would be found in the one 
excited K' = 0 band. This is implicit in the choice of the pairing factor 1 - U2= 
0.25 used for the excited band, where U 2 is the emptiness factor for the [411] 
orbital in the ' 68 Er ground state. It is noted that this choice yields good agreement 
with experimental values for the relative strengths of the two bands, implying that 
the ([411]— [411]} admixture in the excited band is of the order of - 25%. 
This is consistent with the calculations of Soloviev 26 ), which predict that the 
{[411] P - [411]} admixture in this band should be - 30%. It has been 
pointed out by Soloviev 26)  that such a large two-quasiparticle admixture is con-
sistent with his quasiparticle-phonon model, but is not consistent with the IBA 
description. The only large components of the IBA wave functions') for the 0 + level 
are multiphonon terms which should not be populated in a single-nucleon transfer 
reaction. Therefore, according to the IBA, the (t, a) population for this band should 
be very small, contrary to the experimental results. 
Lin et al. 27)  have calculated the microscopic structures of K" = 0 states in "'Er 
using a "projection before variation" method, and predicted only two excited 
K" = 0 bands below 2.5 MeV. These were largely two-quasineutron in character, 
and were assigned to the known 0 states at 1217 keV and 1422 keV. Their model 
failed to predict the 1833 keV level, which is shown here to have a large two-quasi-
proton component and therefore should have been explained within the framework 
of their calculation. 
It is noted that the two previously known K" = 0 bands based at 1217 keV and 
1422 keY are populated very weakly, if at all, in the (t, a) experiment. Upper limits 
for possible 0 = 30° cross sections of the 2 members at 1276 keV and 1493 keV are 
- 2 sb/sr and - 3 jib/sr, respectively. 
3.3. THE y-VIBRATIONAL BAND 
The K" = 2 band based on the 821 keV level is well-known, and has been 
interpreted as the -y-band 1).  Fig. 1 shows that the I" = 2, 3 and 4 members are 
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TABLE 3 
Levels populated by pickup of a 	[411] proton 




unmixed 	 mixed 
2,2' 821 28 20 
3,2 895 119 44 
4,2 k 994 6.7 9 
2,2 2193 32 	 39 obsa) 
3.2 2254 138 126 47 
4,2 k 2336 6.6 	 8.8 obsa) 
1,1 + 2365 3.8 4.0 - 5 
2,1 k 2393 111 	 109 62 
3,1 +  (2478) 59 78 30 
4,1 + (2547) 6.1 	 7.6 
0)  The peak for this level is obscured by a larger peak 
populated in the (t, a) reaction, although the peak for the 4 state is very weak. The 
two-quasiproton components which are most likely to be responsible for the popula-
tion are the ( [4111 + 
I + [41I] P )  and { +[413]p - . + [41I] P )  configurations. The 
calculations of Bés et al. 28)  yield predicted admixtures of 43% and 37% for these two 
components, respectively. Early calculations 29 ) with the Soloviev model gave values 
of 44% and 21%, but later predictions') with this model were 15% and 4.5%, 
respectively. For each of these configurations, the spin-3 member of the band is 
expected to have the largest cross section. However, for the pickup of a 	[411] 
proton, the dominant strength is / = 2, j= , whereas for 	[413] pickup it is 1 = 4, 
j = . The observed angular distributions for the cross sections of the 2 + and 3 + 
levels both have the minimum at 15° <0 < 200 which is characteristic of the 1 = 2 
transition. The analyzing powers for the 3 ± level are also positive, indicating the 
dominant strength has j = 1+ . Thus both of these factors indicate that most of the 
observed cross section is due to pickup of a [411] proton. The cross sections at 
o = 300 are compared with predictions for the pure (' + [411] , + + [411] } config 
uration in table 3. It is seen that the total observed cross section is almost half that 
predicted for the pure configuration, and is consistent with a 1
(
[411] P + [411],} 
admixture of about 40-50%. 
The theoretical analyzing powers for a pure 	 +([413] P - 	[411]} band are 
shown also in fig. 2, as dashed lines. The data for the strongly populated 3 + member 
show that an admixture of at most a few percent of this two-quasiproton state can be 
present in the -y-vibration. Since predictions for this admixture vary from 4.5% to 
37%, the experimental value is consistent with the lower end of this range. 
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3.4. THE NEGATIVE-PARITY BANDS 
3.4.1. The K" = 4 band at 1094 keV. From table 1 and fig. 1 it can be seen that 
there are large cross sections to several of the previously-known negative-parity 
levels. The lowest energy band in this category is the one based on the 1094 keY 
level. Although it was interpreted earlier as the K" = 4, { [633], + [521], } 
two-quasineutron state, recent (d, p) and (t, d) measurements') have shown that 
only - 70% of the expected strength for this configuration is actually present. The 
population pattern in the (f, a) experimental indicates that a K" = 4, 7( [523] 
+ [411]) two-quasiproton admixture also exists in this band. The [523] and 
- [411] proton orbitals he just below and just above the 168 Er Fermi surface, 
respectively, and the Gallagher rule 30)  predicts the parallel K = 4 coupling to be 
below the antiparallel K= 3 one. Therefore it is not surprising to find K" = 4 - , 
( I _ [5231 + - 4 [411]) strength at relatively low excitation energies. The 	[523] 2 	 2
orbital originates from the 1h 11/2 shell-model state, and therefore the pickup 
strength for this proton involves mainly 1= 5, j = transfer. This strength can 
therefore populate the spin 5 and 6 band members in the present work. The (t, a) 
angular distributions for the 5 and 6 - levels at 1193 keY and 1311 keY are in good 
agreement with predictions for the 7
([
523],, + - + [411] } state. The observed (t, a) 
intensities are less than half the values expected for members of the pure K = 4 
two-quasiproton band, consistent with its known dominant two-quasineutron char-
acter. 
3.4.2. Other K" = 4 - and K" = 3 bands. It is then logical to search for the 
remaining K" = 4 strength for this configuration. There are two other known 
K" = 4 bands 3),  which are based on levels at 1905 keV and 2059 keY. Although 
there are peaks in the (t, a) spectrum of fig. 1 which appear to correspond to the spin 
5 and 6 members of each of these bands, it is only the one at 1905 keY that has 
significant ( [523], + - [411]) strength. For the 2059 keY band the spin-5 cross 
section is very weak and the spin-6 level at 2255 keY is not resolved from a nearby 
I, K" = 3,2 + state. The angular distribution of cross sections for the unresolved 
doublet shows that the dominant strength is 1= 2 rather than 1= 5, indicating that 
most of the observed strength is to the 3 level. The K" = 4 band based on the 
1905 keV level has a pattern of relative intensities similar to that of the 1094 keY 
band, and can be associated with the 7( [S23] + [411]} two-quasip article state. 
However, before the strengths can be considered quantitatively, it is necessary to 
identify the antiparallel K" = 3 coupling of these two protons, because there is 
significant Coriolis mixing between the K" = 3 and 4 bands. 
There are known K" = 3 bands 3)  based on levels at 1541 keV, 1828 keY, 1999 
keV, 2262 keY, 2323 keY and 2337 keY. Of all these, the only one that has strong 
1 = 5 transitions to its spin 5 and 6 members is the one at 1999 keY. Therefore it can 
be assigned to the K" = 3, {[523]— [41l]} state. 
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3.5. MIXING OF TWO-QUASIPARTICLE BANDS 
3.5.1. Extraction of empirical matrix elements. Preliminary Coriolis mixing calcu-
lations showed that the 2118 keY spin-6 member of the K" = 4 band would lose 
appreciable strength to the 2331 keY spin-6 member of the K" = 3 band, and this 
explains why the K" = 3 band has a greater overall cross section than the two 
K" = 4 bands combined. 
The mixing between the predominantly two-quasineutron K = 4 band at 1094 keY 
and the predominantly two-quasiproton K = 4 band at 1905 keV is not of the 
Coriolis type because it involves bands with the same K-value. It is also noted that 
the interaction between these two K = 4 bands is very strong, because there is a large 
mixing of their wave functions even though the bands are over 800 keV apart. On 
the other hand, there appears to be very little mixing of the two K = 3 bands formed 
by the antiparallel couplings of the same particles. The K" = 3, {r[633 ] 
- [521],, } two-quasineutron state is known to be at 1541 keV, and the (d, p) 
strength is consistent with that expected for the pure two-quasiparticle state 8 ). Also, 
this band is populated very weakly, if at all, in the (t, a) reaction. The spin-5 member 
at 1707 keY would be expected to have the largest peak, and it has a cross section of 
only - 2.5 sb/sr at 9 = 300 
In the (d, p) and (t, d) studies') it was found that the K= 4 1905 keV band was 
observed. Although it was not possible in that study to distinguish whether the 
two-quasineutron admixture populated was of the ([633],, + [521]„} or the 
+ [633],, + - [510],,) state, the data were consistent with a - 32% admixture of 
the ([633] + [521]) configuration in the 1905 keY band. Also, the K” = 3 
band at 1999 keY may have a ([633] - [52110 admixture as large as - 10%. 
Since the present (t, a) data show there is a {' - [523] p + -[411]} component in 
the predominantly ([633],, + [5211,,) state at 1094 keV, an admixture of this 
two-quasineutron configuration would also be expected in the predominantly two-
quasiproton band at 1905 keV. Therefore, it is now considered most likely that a 
{[633],, + [5211,,) component was populated in the 1905 keY band by the 
(d, p) and (t, d) reactions, rather than a ([633]+ 	[5101,,) one. 
In the (n, y) studies') it was found that levels in the K" = 4 band at 1905 keV 
decayed almost exclusively to the K" = 4 band at 1094 keY, by transitions that 
were predominantly Ml. This mode of decay is probably a result of the mixed 
nature of these bands. Members of the K" = 3 band at 1999 keV are observed to 
decay to the K" = 3 band at 1541 keY, but also decay to several other bands. This 
is consistent with a smaller amount of mixing between the K = 3 bands than for the 
K =4 ones. 
One possible explanation for the observed mixing between the K = 4 bands is the 
neutron-proton interaction, which is responsible for the Gallagher splitting 30 ) of 
two-quasiparticle states and various other effects. The application of this interaction 
to the mixing of two-quasiproton states with two-quasineutron states has been 
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described by Massmann et al. 31),  who show examples for which the matrix elements 
connecting different bands are as large as 200 keV. With this type of interaction, 
the matrix. elements coupling corresponding spin members in the two bands would 
all have the same value, regardless of spin. Therefore, calculations were performed to 
find the matrix element strength, of this type, which was best able to reproduce the 
observed mixing in "Er. The procedure used was as follows. A set of trial initial 
energies was chosen for the pure two-quasiproton states and used as input for the 
Coriolis mixing program EVEPLT 23 ). An "inert" band, with no initial (t,a) 
strength, was also included to simulate the pure K' = 4 -  two-quasineutron band 
which, when perturbed, would become the one at 1094 keV. The program was 
modified so that a matrix element of arbitrary strength coupling the "inert" band 
and the K'= 4, (! - [523] p + [411]} band could be inserted. The initial level 
energies were then adjusted by trial and error until the calculated perturbed energies 
were similar to the experimental ones. This procedure was then repeated for 
different values of the matrix element connecting the K" = 4 levels, to find how 
large a matrix element was needed to reproduce the observed relative (t, a) intensi-
ties among the different bands. Although values ranging from 200 keV to 500 keY 
were tried, it was found that a matrix element of about 400 keV provided the best fit 
to the experimental cross sections. For example, decreasing the value to 375 keV 
resulted in noticeably poorer agreement because too little (t, a) strength was brought 
down to the 1094 keV band. 
The results are summarized in table 4, which shows values obtained with a matrix 
element strength of 400 keV. The theoretical angular distributions shown in fig. 2 for 
TABLE 4 
Population of mixed negative-parity levels 
Cross section (0 = 300) [pb/sr] 
Energy 
I, K" 	 [keV] 
calculated 
unmixed 	 mixed 
experimental 
4,4 1094 0 2.1 4 
5,4 1193 0 9.0 12 
6,4 1311 0 33 31 
4,4 1905 6.0 7.3 obs 0 ) 
5,4 2001 16 52 37") 
6,4 2118 78 56 41 
3,3 1999 5.3 9.0 obs 0 ) 
4,3 2089 1.1 19 
<17b) 
5,3 2200 67 96 100') 
6,3 2331 22 96 120 
Peak obscured by a much larger peak. 
Value given is total cross section for an unresolved doublet. 
C)  The total cross section for the unresolved doublet was 120 Lb/sr. The value given here is the 
remainder when an estimated 20 rib/sr is allocated to the K" = 2 level at 2193 keV. 
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negative-parity states were also obtained from this calculation. Bands formed by 
pickup of the[532], [541] and [550] protons were also included in the 
calculation. Their excitation energies are not known, so were chosen to be at 
"reasonable" values, starting at 2700 keV. These bands mix with each other, and 
also with the { [523] , ± 1+ [4111 P )     bands, by means of the Coriolis interaction. 
However the K = 3 band listed in table 4 is affected much more than the K = 4 ones, 
because its unperturbed energy is much closer to those of the upper bands. 
Examination of the mixed wave functions from this calculation shows that the 
amplitude of the K"=4 {[523]+ 4 [411]} state mixed into the 1094 keY 
band is typically about 0.5. This implies an admixture of - 25% which is consistent 
with the - 70% two-quasineutron composition obtained from the (d, p) and (t, d) 
studies. The amplitude of the K'T = 4 [523],, + [4111,} state in the 1905 keY 
band is - 0.75 corresponding to an admixture of - 55%. The cross sections for this 
band are not correspondingly larger than those for the 1094 keV one because the 
K" = 3 amplitude mixed into the 1905 keV band causes destructive interference for 
the spin-6 member, which has the largest cross section. The various two-quasiparticle 
admixtures which are not believed present in each of these negative-parity bands are 
summarized in table 5. 
TABLE 5 
Composition of the mixed negative-partiy bands 
Bandhead energy, 	 Two-quasineutron 	 Two-quasiproton 
and dominant admixture 	 admixture [from 
K-value 	 [from ref. t Ol present (t, a) data] ') 
1094 keV 70% K' =  4 25% K" = 4 
K" = 4 [633] 	+-[521],, - [523] 	+ 	+ [4111, 
1541 keV almost pure K" = 3 4% K" = 3 
K" = 3- (7 + [633],,— 	- [521],,) - [523] 	- 	+ [411]) 
1905 keV 32% K" = 4 - 60% K" = 4 
K" = 4 (7 + 16331,, + 	- [521],,) f' - [523] 	+ 	+ [411] 
- 7% K" = 3 
- [523] 	- 	± [4111) 
1999 keV 10% K" = 3 75% K" = 3 
K" = 3 (7 ± [633],, - 	[521],,) ( 	- [523] 	
- I + [411] 
12% K" = 4 
([5231 	+.[411]) 
) Values for the bands at 1094 keV, 1905 keV and 1999 keV were obtained by squaring the 
wave-function amplitudes resulting from the mixing calculation described in the text. They are the 
averages of values obtained for the spin 5 and 6 band members, which were populated most strongly in 
this work. The value given for the 1541 keV band is based on the weak observed cross section for the 
spin-5 member (which should have the largest peak) and the predicted cross section for the pure 
configuration. 
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3.5.2. Mixing caused by nucleon-nucleon interactions. It can be seen from table 4, 
and from the angular distributions of cross sections and analyzing powers, that the 
calculation described above provides a good general description of the observed 
populations for the negative-parity levels. It then remains to be seen whether the 
- 400 keY matrix element, needed to explain the observed mixing, can be explained 
in terms of the basic nucleon-nucleon forces. Massmann et al. 31)  give explicit 
expressions for the matrix elements coupling two-quasiproton bands with two-quasi-
neutron bands. If the protons are designated p 1 and P2  and the neutrons n 1 and n 2 , 
they show that the matrix element connecting two parallel two-quasiparticle config-
urations of the same total K is given by 
m =a (n1P21V.p1"2P1)  - b(n11IV11Iii2p2>. 	 (1) 
For the case of two antiparallel configurations, both of the same total K, the 
corresponding expression is 
m = a<n1p2IVIn2p1) + b(n11IIn22). 	 (2) 
The parameters a and b involve pairing factors for the four particles and are 
a=u 	±v u v u 








The basic matrix elements in eqs. (1) and (2) (such as n12 	Ih 2 p 1 ), etc.) can be 
calculated if the form of the neutron-proton interaction, VnP , and the wave functions 
for the four particles are assumed. For the proton and neutron states of interest in 
the present case, these basic matrix elements were kindly calculated by Lanier and 
Struble 32 ), using a computer program written by Struble 33 ) that was used in the 
work of Massmann et al. 31).  The proton and neutron wave functions used were 
obtained from a Nilsson calculation, and V, was chosen to be the force I of ref. 3!), 
for which the parameters are listed in their table V. The spirit of this calculation was 
to use force parameters obtained from global fits to various types of data 31)  and 
obtain values that could be considered typical for the present case. No attempt was 
made to adjust the input parameters to improve the agreement with experimental 
results. The results shown in ref. 31)  indicate that typical variations in the matrix 
elements were several tens of keY when different force parameters were assumed. 
Therefore, uncertainties of this magnitude are expected in the calculated values. 
With the notation that n 1 , n 2 , p 1 and p2 are the 	[633], 	[521], 	[523] 
and 	[411] particles, respectively, the calculated values for the basic matrix 
elements were 32 ) as follows: 
= —291 keV, 	<n11Jl'Iii2p2) = +118 keV, 
(n 1 p2 IV,In 2 p 1 )= —188 keV, 	Kn11IV11In22)= +67 keY. 	(3) 
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These results use the notation of Massmann et al. 31 ), in which the bars over the 
nucleons indicate that these are time-reversed states. When these values are used in 
eq. (1) above, and the fullness factors are assumed to have the values v 1 = 0.67, 
v,, 2 = 0.33, v1 , = 0.75 and V2 = 0.25, the strength of the interaction between the two 
parallel K = 4 bands is found to be 219 keV. Similarly, eq. (2) yields a value of 82 
keV for the matrix element connecting the antiparallel K = 3 bands. There is a 
general feature worthy of note. Since the basic matrix elements (3) that are used in 
each of eqs. (1) and (2) occur in pairs with opposite signs, the terms in eq. (1) add 
constructively to yield a large interaction between the K = 4 bands, while those in 
eq. (2) tend to cancel, causing a small mixing strength for the K = 3 bands. 
It is thus seen that the above calculation provides a good qualitative description of 
the observed effects, and in particular explains why the K = 4 bands mix much more 
strongly than the K = 3 ones. The predicted matrix element coupling the K = 4 
bands is smaller than the value of - 400 keV needed to explain the observed mixing. 
On the other hand, the smaller interaction strength of - 82 keV predicted for the 
K = 3 bands should cause - 3% admixtures of the two-quasiproton states into 
the two-quasineutron ones, and vice versa. The single-neutron transfer data 8) and 
the present (t, a) results have set values of <10% and 4%, respectively, for such 
admixtures, and are therefore consistent with the prediction. 
3.6. THE (' + [411] ± Yl411l) BANDS 
A significant fraction of the K" = 2, ([411] P + 1 4 [411]} strength was found 
in the y-vibrational band and has already been discussed in subsect. 3.3. In order to 
search for the remaining strength, it is useful to note that there are known K" = 2 + 
bands at 1848 keV, 1930 keY, 2193 keY and 2425 keV. Since the spin-3 member 
should be strongly populated, as in the -y-band, it can be seen that the first two of 
these bands do not have observable ('+ [4111 , + + [411] } admixtures. The spin-3 
member of the next K" = 2 band is at 2254 keY and has a fairly large (t, a) 
strength. The angular distribution for the cross section of this -y-group shows a much 
greater / = 2 strength than I = 5, thus indicating that the near-lying, unresolved 6 
level at 2255 keV cannot have a very large fraction of the observed intensity. The 2 
bandhead at 2193 keY is not resolved from the strongly populated 5 level at 2200 
keV. If the pattern of strengths in this K" = 2 band is similar to that of the -y-band, 
the 2 +  bandhead would have a cross section of 20 1kb/sr at C = 30° and would 
therefore be responsible for 20% of the observed intensity for the doublet. The 
dashed curves shown in fig. 2 for the cross sections of the 2 + and 5 levels are drawn 
for this ratio of strengths, and the summed curve is seen to agree very well with the 
experimental data. The 4 member of this band is expected to be weakly populated 
(see table 3) and is obscured by a much larger peak nearby. 
The data are consistent with the K" = 2 band at 2193 keY having about the same 
fraction of the (' +[4111 + 1  [4111,) strength that was found in the gamma band. 
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It is interesting to note that the y-decay from this band proceeds exclusively to 
members of the y-vibrational band'), probably because of such common two-quasi-
particle components in the wave functions of the two bands. A smaller admixture of 
the ([411] P + [4111) state may also be present in the K"= 2 band at 2425 
keV, since the peaks observed at 2428 keV and - 2482 keV may be populating its 
spin 2 and 3 members. However, since the average resonance capture (n, y) data may 
not have located all levels up to this high an exbitation, this possible interpretation 
of the observed peaks is not listed as an assignment in fig. 1 or table 3. 
The only K" = I+ band which appears to have an observable fraction of the 
{[411] - [411]} strength is the one at 2365 keV. The results are summarized 
in table 3. The spin 2 and 3 members are the only ones predicted to have large cross 
sections, and the observed values are only about half as large as those expected. This 
suggests that a significant fraction of the strength is mixed into other bands at higher 
excitation energies. Although the analyzing powers shown in fig. 2 for the weakly 
populated spin-1 member of this band are negative as expected, it is uncertain 
whether the observed peak is due solely to this level. For this case, the excitation 
energy of the peak in the (t, a) spectrum is 2356 keV, which differs from that of the 
2365 keV, K" = I + level by much more than the energy deviations seen in table 1 
for other levels. 
4. Summary and conclusions 
The 169Tm(f, a)' 68 Er reaction has been used to study two-quasiproton configura-
tions in 168 Er. Angular distributions of cross sections and analyzing powers have 
been presented for thirty-one groups observed in the spectrum. Twenty-four of these 
groups, which together contain over 85% of the observed cross section below 2.8 
MeV, have been interpreted in terms of two-quasiproton states in the Nilsson model. 
The interpretation was helped considerably by the fact that spins and parities for 
all the strongly populated bands were known from previous (n, y)  studies 1.3)  J 
several cases where levels were not resolved in the present work, knowledge of the 
spins and parities of levels present made it possible to conclude which level was 
responsible for most of the strength. The information available from earlier single-
neutron transfer reactions was also very helpful. These results, combined with the 
present data, have led to an understanding of the complex mixing that occurs for the 
negative-parity states. Without the availability of data from all the different types of 
reactions, it would not have been possible to establish the microscopic structure of 
these configurations. The combined information now available on the two-quasi-par-
ticle admixture of these bands is summarized in table 5. 
The strong mixing of the K" = 4, ([523] P + [411]} and K" = 4, 
([633] + 	[5211} bands is clearly established from the results of ref. 8)  and the 
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present work. This provides an explanation for the strong y-ray transitions connect-
ing these bands that were noted in ref.') but not completely understood. The mixing 
between the two K = 3 bands formed by antiparallel alignments of the same four 
particles is much weaker. This has been explained, at least qualitatively, by consider-
ing the residual neutron-proton interaction, using the approach outlined by Mass-
mann etal. 31).  It turns out that for the parallel K= 4 bands the two terms 
contributing to the band-mixing matrix element add constructively, whereas the ones 
for the antiparallel K = 3 bands interfere destructively. 
The K"= 0 band at 1833 keV was found to contain - 25% of the +{[411j P - 
- [411J,} strength. This is in excellent agreement with the admixture of 30% 
predicted by the Soloviev model 26)  On the other hand, the wave functions calcu-
lated 7)  for this band in the interacting boson model cannot explain this large 
observed two-quasiparticle admixture. The 1833 keV K = 0 band is known to be 
collective because its significant (t, p) strength indicates collectivity (or at least a 
two-quasineutron structure), and the present (t, ) results show that a large two-
quasiproton component is present also. The success of the Soloviev model in 
describing this level as a quadrupole single-phonon state implies that there are 
collective excitations outside the framework of the interacting boson model. 
When one considers the combined results from all the single-nucleon and two-
neutron transfer studies of ' 68 Er levels [refs. 7, 8 ) and the present work], it is seen that 
the Soloviev model successfully explains much of the structures of both the positive-
and negative-parity bands. Some of the levels, such as the K'T = 0 (1422 keV) and 
K" = 2 (1848 keV) states were assigned earlier in the interacting boson model as 
configurations which were predominantly multiphonon in character. The large (t, p) 
strengths for these levels are not consistent with this description, but they might be 
explained by the Soloviev model, in which these levels are interpreted as having 
single-phonon character. Since not all excitations have been clearly identified as 
two-quasiparticle states, or single-phonon states, there are still other experimental 
candidates for the K" = 0 'and K" = 2 bands predicted by the interacting boson 
model. However, the Soloviev calculations are more useful because they explain the 
experimental 0 and 2 bands. It would be of interest to obtain calculated (t, p) 
cross sections from the Soloviev model for these levels, as additional tests of this 
model. 
The Soloviev model is successful in predicting the microscopic admixtures that 
have now been measured for many bands. In general there is qualitative agreement 
but in some cases the predictions are quantitatively accurate. While the interacting 
boson model has provided the motivation for trying to extend the study and 
understanding of nuclear structure above the pairing-gap energy, at its present stage 
of development it has not proven to be particularly useful in describing the results of 
the single-nucleon and two-nucleon transfer reactions. This is partly because many 
of the levels populated have negative parity or have K" = 1 or 3 '  and are therefore 
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outside of the basic model which considers only s- and d-bosons. Furthermore, there 
is a need for progress in the microscopic description of the bosons. This is necessary 
since experimental data of the type presented in this series of measurements should 
provide sensitive tests of any microscopic model of collective excitations. 
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The 170Er(p,t) 168 Er and 166Er(t,p) 168Er reactions have been studied using 18-MeV protons and 17-MeV tritons, respectively. 
The reaction products were analyzed with magnetic spectrographs providing overall resolutions ranging from 10 to 15 keV full 
width at half maximum. The chief aim of these studies was to search for previously unknown 0 states in 168 Er, and one new 0 
level, at 1833.5 keV, has been identified. All the known excited 0 states were populated much more strongly in the (t,p) reaction 
than in the (p,t) reaction. Numerous natural parity states in known bands were also observed in both reactions. The significance of 
these results for some recently proposed interpretations of 168 Er is discussed. The states with I,K" = 0,0 at 1422 keV and 2,2k 
at 1848 keV are both populated much more strongly in the (t,p) reaction than the single-phonon y vibration. Thus the interpreta-
tion given these levels in the interacting boson description, as predominantly multiple-phonon excitations involving at least one 
'y phonon, does not satisfactorily describe these data. The quasiparticle-phonon model of Soloviev and co-workers is the only 
model that does not conflict in some way with the presently available experimental data. 
Les reactions 170Er(p,t) 168 Er et Er(t,p) 168 Er ont ete étudiées en utilisant respectivement des protons de 18 MeV et des tritons 
de 17 MeV. Les produits de reaction ont été analyses au moyen de spectrographes magnétiques foumissant des resolutions 
globales de largeur totalc a dcmi-intcnsitC s'Ctendant de 10 a 1 5 keV. Le but principal de ees etudes Ctait de recliercher des états 
antérieurement inconnus 0 dans 168 Er, et un état nouveau o+, a 1833,5 keV, a été identiflé. Tous les états excites connus 0 ont 
dté peuplés bien plus fortement dans la reaction (t,p) que dans la reaction (p,t). De nombreux états de parité naturels dans les 
bandes connues ont été également observes dans les deux reactions. La signification de ces résultats est discutée en relation avec 
quelques interpretations récentes proposées pour 168 Er. Les états avec I,K" = 0,0k 1422 keV et 2,2k a 1848 keV sont tous les 
deux beaucoup plus peuplés dans la reaction (t,p) que la vibration y a phonon unique. De ce fait, l'interprétation de ces niveaux, 
dans la description de bosons en interaction, comme dtant principalement des excitations a plusieurs phonons incluant au moms 
un phonon 'y, ne décrit pas ces données de manière satisfaisante. Le modèle quasi-particule-phonon de Soloviev et collaborateurs 
est le seul modèle qui ne contredise pas de quelque façon les données expérimentales actuelles. 
[Traduit par le journal] 
Can. J. Phys. 63, 1309 (1985) 
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- 	 1. Introduction 
The even—even nuclide 168 Er has recently been the topic of 
much discussion and many papers. This intense interest was 
aroused largely by an extensive series of 167 Er(n,-y) experiments 
by Davidson et al (1). These measurements resulted in 
assignments of spins and parities to levels of —'20 rotational 
lbrands in the first 2 MeV of excitation. Furthermore, because of 
he use of the average resonance capture (ARC) technique, these 
uthors claimed to have located all levels of spin 2-5 up to 
1 .9-MeV excitation. The completeness of this set of known 
evels was then exploited in tests of different nuclear models. 
amer et al. (2, 3) showed that the observed positive parity 
1 vels could be described very well by the interacting boson 
proximation (IBA) near its SU(3) limit. The low-lying levels 
edicted in the SU(3) limit are similar to the familiar pattern of 
r tational bands based on the ground state and on 13 and -y 
vibrations. At higher energies many levels are predicted that 
h ye the nature of multiple excitations. Although the first and 
se ond excited 0 1 states predicted in the IBA calculations for 
have complex wave functions, the dominant components 
in an SU(3) basis are a 13  vibration and a K = 0 two-phonon -ry 
ex itation, respectively. Warner et al. (2, 3) associated these 
predicted levels with the known K'T = O states at 1217 and 
1422 keV, respectively. Bohr and Mottelson (4) pointed out that 
the B(E2) values for the decays of these levels are too small for 
this interpretation and also that the K = 0 two-phonon y -y state 
should be located much higher, because there is no possible K = 
4 -yy configuration below 2 MeV. Soloviev and Shirikova (5) 
have shown that collective two-phonon states in heavy 
deformed nuclei should be shifted upwards in energy several 
megaelectronvolts as a consequence of the Pauli principle and 
that they would become severely fragmented through mixing 
with many other states. This implies that two-phonon states 
would not be observed as such experimentally. These authors 
have also reported additional calculations (6) that predict that 
the first three excited 0+  states of 168 Er should all have a pre-
dominantly single-phonon K'T = 0+ character. More recently, 
Lin et al. (7) have calculated the microscopic structure of K'T = 
0 1 states in 168 Er and concluded that the known 0+  levels at 
1217 and 1422 keV are essentially pure two-quasiparticle in 
nature and should not be interpreted as collective vibrational 
bands. 
The present work is part of a more extensive program of 
two-nucleon and single-nucleon transfer experiments under- 
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FIG. 1. Spectrum of tritons from the 170 Er(p,t) 168 Er reaction at 0 = 25 ° . The assignments indicated for the various levels are from refs. 1 and 19. 
The large peaks for the 0 and 2 members of the ground state band had track densities too high to be counted on the main exposure, and the data 
shown are from a shorter exposure that had only 1/ 12 the integrated beam current of the main exposure. 
taken to study the structure of 168 Er, in an attempt to test some 
of these conflicting interpretations. It presents the results of 
the 170Er(p,t) 168 Er and 166Er(t,p) 168 Er two-neutron transfer 
reactions. Other experiments, which have been completed and 
which will be described separately, include the 167 Er(d,p) 168 Er 
and 167 Er(t,d) 168 Er single-neutron stripping reactions (8, 9) 
and the 169Tm(a)' 68 Er single-proton pickup reaction (10). 
The cross sections for (p,t) and (t,p) reactions exhibit very 
characteristic angular distributions for L = 0 transitions, and 
therefore these reactions are particularly useful for identifying 
O states in even—even nuclei (11-13). The transition strengths 
are also sensitive to correlations in the motions of nucleon pairs 
and thus provide information about the nature of the states 
populated (11). Because of these properties of the (p,t) and (t,p) 
processes, the present work is primarily concerned with the KiT 
= 0 states in 168 Er. The nature Of other bands will be discussed 
more thoroughly with the presentation of the single-nucleon 
transfer data. 
2. Experimental details and results 
The 170 Er(p,t) 168 Er experiments were performed using 18-
MeV protons from the McMaster University Tandem Van de 
Graaff accelerator. The reaction products were analyzed with 
an Enge split-pole magnetic spectrograph and detected with 
photographic emulsions. The metallic target was prepared from 
a sample of Er203 purchased from the Isotope Sales Division of 
the Oak Ridge National Laboratory. The isotopic composition 
stated by the supplier was 96.89% 170Er, 1.46% 168 Er, 0.72% 
167 Er, and 0.87% 166Er. The erbium oxide was reduced by 
heating with thorium metal and vacuum evaporated onto a 30-
pg/cm 2 carbon foil. The areal density of erbium metal, 
deduced from the count rate of elastically scattered protons, was  
—130 g/cm 2 . Figure 1 shows the triton spectrum obtained at  
= 25 ° . Spectra were recorded at 15 angles, ranging from 6 to 
75°. The overall energy resolution varied from —7 keV to ---14 
keV full width at half maximum (FWHM) but was between 10 
and 12 keV at most angles. 
Intensities of peaks in the spectra were converted to cross 
sections by comparing them with the measured count rates of 
elastically scattered protons at 0 = 45°. The elastic scattering 
cross section at 45° was assumed to be —55% of the Rutherford 
value, as predicted by an optical model calculation using proton 
parameters obtained from scattering 17-MeV protons on tung-
sten (14). The use of different proton parameter sets did not 
change the predicted elastic cross sections appreciably. For 
example, the parameters obtained from scattering 19-MeV 
protons on ytterbium (14) yielded elastic cross sections only 
—3% higher at 0 = 45° than those used above. 
The 166 Er(t,p) 168 Er reaction had been studied previously (15) 
and the 0 levels at 1217 and 1422 keV were known to b 
populated quite strongly. The aim in the present measurement 
was to search for additional L = 0 transitions to states at highe 
excitation energies. In the earlier experiments (15) protons fro 
(t,p) reactions on 12 C and 160  in the carbon target backing ha 
obscured portions of the spectrum at some angles, making 
search for weak peaks difficult. Therefore, a self-supportin 
metallic target of 166Er was made for the present measurement 
A sample of Er203 with a stated isotopic composition of 0. 177o 
170Er, 0.75% 168 Er, 2.79% 167 Er, 96.24% 166 Er, and 0.05k 
was obtained from the Isotope Sales Division of the 0ik 
Ridge National Laboratory. The oxide was reduced wth 
thorium metal and vacuum evaporated onto a coated glass slide, 
according to the method described by Peng (16). The targets 
were floated off the glass slides on a water surface, dried, and 
BURKE El AL. 	 1311 
0 
Ground 	,tote 	bond 
2 	 4 	 6 8 	 24 
I 
0_2 	4 	0 	2 	4) 
166 
Er (t , p )
168 
 Er 
E 1 nI7MeV 





/ - K.3 3 10 2 6 
K4 
68 Er(r.p) 3 	 I 
10 1 
0 	 500 	 000 	 500 	 0000 	 flfl 
Excitation 	Energy (key) 
FIG. 2. Spectrum of protons from the Er(t,p) 168 Er reaction at 0 = 600. The assignments indicated for the levels are from refs. 1 and 19. 
stored in an argon atmosphere until needed. The target used had 
an areal density, determined from the count rate of elastically 
scattered tritons, of —300 g/cm 2 . 
The first set of (t,p) measurements with this target was made 
with 17-MeV tritons from the FN tandem Van de Graaff 
accelerator at the Los Alamos National Laboratory. The proton 
spectra were analyzed with a Q3D magnetic spectrometer and 
detected with a helical-cathode position-sensitive detector in the 
focal plane (17). Spectra were recorded at 50  intervals from 10 to 
60° with a typical resolution of --12 keV FWHM. The 0 = 60° 
spectrum is shown in Fig. 2. 
When these results were analyzed with a peaic-fitting 
program, there was evidence for a weak peak corresponding to 
a new level at --1834 keV. The angular distribution for this 
transition was consistent with an L = 0 transfer, but the 
evidence to prove its L = 0 nature was considered incomplete. 
This was because the spectra at small angles ( :s; 15') contained 
background counts that obscured the weaker peaks. It was 
considered important that data points at small angles be obtained 
for the —l834-keV level, to test whether or not the cross section 
had the forward maximum typical of L = 0 transitions. 
Therefore another set of measurements was made to obtain 
spectra at 6 12, 7L 10, 15, and also 25° as a check on normaliza-
tion. These experiments were performed using 17-MeV tritons 
rom the McMaster University accelerator, with the same 166 Er 
arget. The reaction products were analyzed with an Enge 
plit-pole magnetic spectrograph and detected with photo- 
aphic emulsions. With care it was possible to eliminate the 
ackground and obtain good statistics on the weak peak 
orresponding to the —1 834-keV level. The energy resolution 
r these measurements was --15 keV (FWHM). 
For both sets of (t,p) results a surface barrier detector was 
u ed as a monitor counter to detect elastically scattered tritons 
e' tering a small known solid angle at 0 = 30°. These count rates 
w re used to convert peak intensities in the (t,p) spectra to cross 
se tions. For this purpose the elastic scattering cross section at 0 
=' 30° was assumed to be 8 1.5% of the Rutherford value, as 
g  en by n optical model calculation using triton parameters 
fr m ref. 18. 
Angular distributions for the (p,t) and (t,p) cross sections are 
shown in Figs. 3-6. The relative intensities of peaks in different 
spectra (e.g., relative cross sections for a level at different 
angles) have been found in earlier studies to be reproducible to 
within ± 10%. Therefore the error bars shown on the data points 
in Figs. 3-6 include the statistical errors given by the peak-
fitting program added to 10% in quadrature. The absolute values 
of the cross sections have a larger error, estimated to be —20% 
for the largest peaks, arising mainly from uncertainties in the 
normalization procedure. 
Table 1 summarizes the measured excitation energies for 
levels observed in each experiment and compares them with the 
precisely known values from (n,y) studies. It is seen that in 
many cases there are two or more known levels that may be 
contributing to peaks observed in the spectra. For most cases the 
angular distributions in Figs. 3-6 are labelled by the known 
levels that could contribute to the observed strength, and the 
energies for these are quoted to the nearest 0. 1 keV. At higher 
excitation energies, where all of the levels are not known from 
earlier works, the angular distributions are labelled by the 
energies measured in the present work and these are quoted to 
the nearest keV. 
The solid curves shown with some of the angular distributions 
for L = 0 transitions were obtained from distorted-wave 
calculations using the program DWUCK4.' The optical model 
parameters used for the (p,t) calculations were the same as those 
referred to above for the elastic scattering predictions. For the 
(t,p) calculations the parameters used were the same as those 
used in (t,p) studies of Yb and Hf nuclides (12). 
One level of particular interest is the new I = 0+ state found 
in the (t,p) experiments at 1833.5 keV. As it is not well resolved 
from the known levels at 1828.1 and 1848.4 keV, some 
additional description of the data analysis is in order. In the 
original analysis of the data, when a peak-fitting program was 
allowed to search for peaks, in almost all of the spectra a weak 
peak at 1834 ± 3 keV was identified near the much larger one 
'P. D. Kunz, Computer program DWUCK4, University of 
Colorado, Boulder, CO. 1974. 
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FIG. 3. Angular distributions for some levels populated in the 170 Er(p,t) 168 Er reaction. The excitation energies and I, K" assignments for levels 














corresponding to the 1848.4-keV level. The available gamma-
ray data could be satisfied by the presence of a K = 01 band 
head at 1833.5 keV (19). The fitting program was then used in a 
mode whereby the peak positions for levels at 1828.1, 1833.5, 
and 1848.4 keV were kept fixed, and only their intensities were 
allowed to vary to give a best fit to the data. The standard peak 
shape used in this procedure was obtained from the prominent, 
well-separated peak corresponding to the 1736.7-keV level. 
The angular distributions obtained in this way for the three 
levels are shown in Fig. 6. It is evident that the data for the 
1833.5-keV level are consistent only with an L = 0 transition 
and therefore this level must have fr = O Additional 
information about this level, including its decay by gamma 
emission and the assignment of a rotational band based upon it, 
has been presented earlier (19). 
The (t,p) data for the unresolved multiplet containing the 
1411.1-, 1422.2-, 1431.5-, and 1449.0-keV levels were also 
treated in a similar manner, and the resulting angular distribu-
tions for these levels are shown in Fig. 5. Where clarity permits  
in the text that follows, levels will be identified by their 
excitation energies, truncated to whole numbers in kiloelectron-
volts. 
3. Discussion of the results 
3.1. General comments 
Some qualitative features of the results are immediatj
hye obvious. One is that there is a good correlation between  
levels that are populated in the (p,t) and (t,p) reactions. I 
also seen that natural parity states of many previously kno 
bands are observed, but the unnatural parity members of th 
bands are populated very weakly if at all. This is consistent w 
the usual selection rules for (p,t) and (t,p) reactions (11), wh 
are also obeyed to a large extent when inelastic excitations
included in the reaction mechanism (22). 
Another striking feature is that the (t,p) strengths to m
excited states are much larger than the (p,t) strengths. In 
(p,t) reaction the only levels that have more than -1% of
ground state cross section are the K = 2 gamma vibratio 
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FIG. 4. Angular distributions for more levels populated in the 170 Er(p,t) 168 Er reaction. Excitation energies given to one-tenth of 1 keV are from 
ref. 1; those quoted to the nearest kiloelectronvolt are from the present measurements. 
band head and members of the ground state band. In contrast, 
there are several levels that have (t,p) cross sections greater 
than 10% of the ground state value. These include the states with 
= 0,0 1 at 1217 and 1422 keV and those with I,K 11 = 43 
at 1736 keV and IXTI = 2,2' at 1848 keV. The fact that these 
levels are populated so strongly is an important clue to the nature 
of the levels. These points will be discussed in more detail in the 
following subsections. 
3.2. The K = 0 + bands: general properties 
As is the case for (p,t) and (t,p) reactions on other even—even 
nuclides in this mass region, the strongest L = 0 transition 
observed in each spectrum is to the superfluid ground state of the 
residual nucleus. The previously known 0 1 levels at 1217 and 
1422 keV are populated in both reactions, although the (p,t) 
cross sections for both are very small, being 1% of the ground 
state value. In fact, the (p,t) results for the 1217-keV level show 
that the shape of the angular distribution differs from that of the 
ground state. Whereas the minimum at 0 --' 40° is still present,  
the first minimum, which should be at  - 12 ° , has disappeared. 
A similar behaviour was observed in the 186 W(p,t) reaction, and 
calculations showed that multistep processes in the reaction 
were important in explaining the empirical shape (22). Similar 
effects are most likely responsible for the anomalous shape of 
the (p,t) angular distribution for the very weakly populated 
1217-keV level in the present work 
The (p,t) angular distribution observed for the unresolved I 
= 0 1422-keV and ! 11 = 3 1431-keV levels is consistent with 
a normal L = 0 transition added to an approximately smooth 
distribution that would be expected for a 3 level (see the 
empirical angular distributions for 3 levels at 1633 and 
1913 keV). 
The new 0 1 state at 1833 keV found in this work has a (t,p) 
strength —'2.4% of the ground state value. The (p,t) population 
of this level is too weak to be observed, but an upper limit on the 
L = 0 cross section that could be present places its strength at 
0. 1% of the ground state value. 
No other L = 0 transitions could be assigned with certainty, 
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FIG. 5. Angular distributions for some levels populated in the 66 Er(t,p) 168 Er reaction. The solid curves shown with the data for O states are 












although there are some angular distributions that could contain 
L = 0 transfers unresolved from other transitions. These are for 
the peaks corresponding to excitation energies of 2259 keV in 
the (t,p) spectrum and 2373 keV in the (p,t) spectrum. 
The relative (p,t) and (t,p) strengths for all observed O states 
are summarized in Table 2. These values were obtained by 
dividing the experimental cross sections by a calculated 
distorted-wave cross section for the appropriate Q value and 
normalizing to a value of 100 for the ground state transition. 
Several rotational members of the ground state band are also 
populated in each reaction, with angular distributions similar to 
those observed in many previous works (11-13). These angular 
distributions have shapes that are not consistent with predic-
tions of the usual single-step distorted-wave calculations. 
However, it has been shown that both the shape and absolute 
magnitude can be explained very well by coupled channels 
calculations, which include inelastic excitations in the entrance 
and exit channels (13, 22). 
In particular, P = 2+ levels with different nuclear structure 
have exhibited angular distributions with quite different shapes. 
Whereas the 2 band heads of gamma vibrations usually have 
shapes very similar to the single-step distorted-wave predic-
tions, the 2 members of ground state bands are affected much 
more by multistep processes. This behaviour appears to be quite 
general in this mass region (12) and can also be seen in the 
present results shown in Figs. 3 and 5. 
The excited 0 1 states at 1217 and 1422 keV also have 
well-established rotational bands based upon them, and it is 
interesting to note that transitions to the spin 2 members of these 
bands, at 1276 and 1493 keV, respectively, have angular 
distributions similar in shape to those of the rotational 2 
members of the ground state band. This is not surprising since 
the intraband B(E2) values in the excited K = 0 bands are 
probably comparable to those in the ground state band, so the 
interference among competing multistep processes could pro-
duce similar effects in each band. 
3.3. K7'=  O bands and the IBA 
The significance of the experimental data for the various 
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FIG. 6. Angular distributions for more levels populated in the 166 Er(t,p) 168 Er reaction. Excitation energies given to one-tenth of 1 keV are from 
refs. 1 and 19; those quoted to the nearest kiloelectronvolt are from the present measurements. 
sed. In all of the models the KTI = 21 level at 821 keV is 
assigned as a single-phonon gamma vibration, but for higher-
lying bands the interpretations differ. 
To examine the IBA predictions for two-neutron transfer to 
168Er, IBA calculations 2 have been repeated using the same 
parameters as those of refs. 2 and 3. One can expand the wave 
functions of states calculated in this manner in terms of the 
lowest 0 states in the SU(3) limit, which can be labelled as g 
(ground state band), 0, 1313, and -y-y (see ref. 23 for a discussion 
of the correspondence between SU(3) bands and those of the 
Bohr and Mottelson model). The wave functions of the lowest 
0+ states in 168 Er are then calculated to be 
0 1  = 0.96 	0 	+ 0.26 0 	+ 0.20 0 	+0.0030 +  + 
0 = 0.23 	0 	—0.83 0 —0.48 0 	+0.13 0 	+ 
0 = —0.130 	+0.360 	—0.440+ 0.76 0+ 
= -0.020 	+0.200 —0.370 + -0.50 0+ 
20. Scholten, Computer programs PHINT and FTPT, 1979 
Given these wave functions and the two-particle transfer 
operator usually used in the IBA model (24), these calculations 
predict the relative two-neutron transfer strengths for the lowest 
0+ states given in Table 2. The transfer calculations were done 
with the same parameters for 166 Er as those for 168 Er but with the 
number of bosons N = 15. These parameters give a reasonable 
fit to the energy levels in 166Er; as discussed in ref. 25, the 
parameters that have the greatest effect on the wave functions 
are essentially constant in the well-deformed rare-earth nuclei. 
The spectroscopic strengths for the (p,t) reaction cannot be 
calculated with the existing IBA codes, which are restricted to N 
16, since 170Er has N = 17. However, given the predictions 
of smooth trends of the two-neutron transfer strengths, except at 
midshell, the values quoted in Table 2 calculated for the 
168 Er(p,t) 166 Er reaction are representative of the values that 
would characterize the 170Er(p,t) strengths. 
The first observation is that a considerable amount of L = 0 
strength to excited states is predicted for the (t,p) reaction and 
very little for the (p,t) reaction, in agreement with the 
experimental trends. However, the magnitude and distribution 
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TABLE 1. Levels populated in 168Er 	 TABLE 1. (Concluded) 
Excitation energy (keV) 	 Cross section at 	Excitation energy (keV) 	 Cross section at 
Inter- 	0 = 25° (p.b/sr) Inter- 	0 = 25° (jib /sr) 
From 	 pretation, From 	 pretation, 
(n ,y)° , t)b 	(t,p)c 	(t,p)" 	(IKIT)a 	(p() 	(t,p) 	(n .y)a 
(p , t)b 	(t, p) 	(t,p)b 	(I,K°)° 	(p,t) 	(t,p) 
266 2388 7.4 
21 2419 8.6 
12 2476 15 
2.1 2522 	2527 16 
3.7 2556 2562 10 
2613 Obs. 
'From refs. 1 and 19, except where noted. 
t'These measurements were made at McMaster University. The spectrograph 
had been previously calibrated with 8.78-MeV alpha particles from a 212  P 
source. The uncertainties on the excitation energies listed for prominent 
well-resolved peaks increase from -1 keV at low energies to -5 keV at 
excitation energies of -2.5 MeV. 
These measurements were made at Los Alamos National Laboratory. The 
spectrometer was calibrated by recording (t,p) spectra from a natural erbium 
target during the main set of measurements with no other intentional changes 
being made to the system. The positions of peaks corresponding to known levels 
in 169 Er, 170 Er, and 112  Er were used with the known two-neutron separation 
energies for these nuclides (20, 21) to establish a polynomial relating the 
spectrum channel number to the radius of the particle trajectory in the 
spectrometer. The uncertainties on excitation energies obtained using this 
calibration are estimated to be -3 keV up to 2-MeV excitation, increasing to 
-10 keV at 2.5-MeV excitation. 
'The peak was obscured at 0 = 25° by a large 12 C(t,p) group from carbon 
buildup on the target. 
From recent analysis of ' 67 Er(n,y) results (private communication from 

















calculations. The theory does a reasonably good job of 
predicting the transition strength to the 0 121 7-keV state, but a 
discrepancy of a factor of five is present in the case of the 0 
state. The results are therefore consistent with the 1217-keV 0 
state being described as a collective, predominantly I, excita-
tion of the perturbed SU(3) scheme of Warner and co-workers. 
In contrast, the 1422-keV 0 state must also have a sizeable 
two-quasiparticle component in its wave function, a component 
outside of the IBA framework, that is contributing to the 
relatively large (t,p) population. 
The two-neutron transfer strength to the 0 state at 1833 keV 
cannot, by itself, be used to distinguish the collective vs. 
single-particle nature of this state, since typically most O states 
are populated with -1% of the ground state strength (as, for 
example, the excited 0 states in the (p,t) reaction). The 
169Tm(fa) 168 Er data (10) show that this KTI = 0 band has a 
large {1/2[411I - 1/2[41 1 ]} two-quasiproton component, 
which definitely rules out a pure multiphonon interpretation. It 
is noted, however, that IBA calculations in which g bosons are 
included (for example, ref. 26) predict that aO state of different 
character comes lower in energy. If the 1833-keV band were 
associated with such a state, the objection listed above might be 
removed. Another feature of the calculations with g bosons is 
that a K = 3 band is also brought down in energy. This could 
simultaneously explain the K = 3+ band observed at 1653 keV 
in 168 Er, which was omitted in the earlier IBA description by 
Warner et al. (2, 3). This band is known to have some unusual 
= 4 properties, which will be discussed later. 
Bohr and Mottelson (4) and Dumitrescu and Hamamoto (27 
stress the fact that the lowest possible candidate for the K = 4 
two-phonon -yy state is at 2031 keV, and since this is -2.5 tim s 
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TABLE 2. Relative strengths for 0 states in 168 Er 
Relative strength 
Experimental 	 IBA 
Level energy (keV) 	(p,t) 	(t,p) 	(t,p) 	(p,t) 
0 100 100 100 100 
1217 l 15 11 —0.3 
1422 —1 10 2 —0.04 
1833 <0.1 2.4 0.05 <0.01 
See text for discussion of IBA calculations of (p,t) and (t,p) strengths 
the single-phonon -y-vibrational energy, there must be a large 
anharmonicity in the vibrations. This could be explained if the 
potential energy surface had a minimum at a nonzero value of 
the y deformation. With the discovery of the 0 level at 1833 
keV, the I = 4 state at 2031 keV has now been assigned as the 
4 rotational member of this K = 0 band (19). Therefore the 
lowest possible 4 1 level that could be associated with the K11  
= 4+ -y-y two-phonon state is at 2055 keV. 
3.4. K11 = 0+ bands and other models 
Soloviev and Shirikova have an alternate explanation (5) for 
the absence of two-phonon ry configurations below —2 MeV. 
They have shown that the effect of the Pauli principle would 
be to push such states upward in energy and to fragment their 
strength over many levels so that the two-phonon states would 
not actually be observed, as such, experimentally. This conclu-
sion is consistent with a recent review (28) of available data, 
which showed that there is no conclusive experimental evidence 
for the existence of two-phonon states in any heavy deformed 
nuclei. The calculations of Soloviev and Shirikova (6) predict 
that for ' 68Er the centroid energy for the fragments of the 
two-phonon states are all above 3 MeV and that the largest KIT = 
4 yy admixture expected in any state just above 2 MeV would 
be 1-10%. This is consistent with experimental results as no KIT 
= 4+ yy configuration has been observed (29). 
The success of these calculations also extends to the KIT = 0 
states. The first three excited 0 states are predicted (6) at 1.2, 
1.6, and 1.9 MeV, and all three are expected to be predomi-
nantly of single-phonon character. If the experimentally 
observed 0 levels at 1217, 1422, and 1833 keV are interpreted 
as these three levels, respectively, the observed (t,p) strengths 
might be occurring through the population of two-quasiparticle 
components of these single-phonon states. It is noted that the 
calculated composition of the third excited 0 1 state predicted at 
1.9 MeV includes an —30% admixture of the 11 /2+[411] - 
1/2+[41 I ]} two-quasiproton configuration 3,  in good agreement 
with the 169Tm(fct) results for the K = 0 band based at 1833 
keV (10). 
Recent microscopic calculations of the 0 1 states in 168 Er have 
been reported by Lin et al. (7). They predicted that only two 
excited KIT = 0 states should exist below 2.5 MeV and that 
they should be predominantly two-quasiparticle in nature. 
These are the 17/2[633] - 7/2[633]} and 11/2[521] - 
1/2 - [521 J} two-quasineutron configurations, which they 
ssociated with the 1217- and 1422-keV levels, respectively. 
Vhis is consistent with the experimental data in that 
G.Soloviev, private communication to D. G. Burke, April 
984.  
167 Er(d,p) 168 Er and 167 Er(t,d) 168 Er studies have found a large 
{7/2[6331 - 7/2[633]1 two-quasineutron component in the 
K = 0 band based on the 1217-keY level. The predicted 
two-quasiparticle component in the 1422-keV level cannot be 
easily verified, because 168 Er has no stable neighbouring 
nuclide with a 1/2 - [521] neutron ground state that could be 
used as a target for a single-neutron transfer experiment. It 
would be very desirable to test this predicted amplitude, 
however, because the proposed two-quasiparticle character is 
directly opposed to the IBA interpretation of this level as a 
predominantly two-phonon state. 
The predictions of Lin et al. (7) that these K = 0 states are 
mainly two-quasiparticle in nature do not seriously contradict 
the interpretation of Soloviev and Shirikova (6) that they are 
collective single-phonon states. Although the usual description 
of a "good" collective vibrational state is a superposition of 
many two-quasiparticle components, each with a small ampli-
tude, in practice one finds many vibrational states that are 
dominated by one or two two-quasiparticle components. The 
very small correlated admixtures of other two-quasiparticle 
states can still provide appreciable collectivity, however. For 
example, the KIT = 1 octupole band at 1358 keV in 161  Er has its 
= 3 member strongly populated in (d,d') experiments (30), 
even though it is predicted to have a{7/2[633] - 5/2[51211 
two-quasineutron component that makes up >96% of the 
state (31). The 167 Er(d,p) 168 Er measurements (8, 9) confirm the 
existence of this large two-quasiparticle component. 
The calculations of Lin et al. (7) failed, however, to account 
for the KIT = 0 level at 1833 keV. They predicted that no other 
KIT = 0+ states occur below 2.5 MeV of excitation. Therefore 
the existence of the 1833-keV band, which is known to have a 
large { 1 /2 [411] - 1/2+[41  1]} two-quasiproton component, is 
contrary to their predictions. 
Thus, at the present time, the only theoretical description that 
does not have some conflict with the experimental data is that of 
Soloviev and Shirikova (6). It would be interesting to obtain the 
complete microscopic composition of the three KIT = 0+ 
phonons predicted to be below 2 MeV by their calculation and to 
see whether the observed (t,p) and (p,t) strengths are correctly 
explained. 
3.5. Other levels 
As mentioned earlier, the J,KIT = 4,3 1 level at 1736 keV is 
populated strongly in the (t,p) reaction. The cross sections are 
—3 times as large as those forthe4l member of the ground state 
band. Although the structure of this KIT = 3 band is not known, 
the I = 4 member displays some interesting properties. The 
relatively strong (d,d') population (30) of this 4 state implies 
significant collectivity, which may also be important in explain-
ing the (t,p) strength. The properties of this band are similar to 
those of the well-studied KIT = 3 band at 1172 keV in 172 Yb, 
for which the 4  member is also populated strongly in the (d,d') 
and (t,p) reactions (32, 12). The (d,p), (d,t), and (p,a) reaction 
studies (32, 33) have shown that this band in 172 Yb has large 
admixtures of the {1/2[521] + 5/2[512]}two-quasineutron 
and {7/2[404] - 1/2[411]} two-quasiproton states. The KIT 
= 3+ band in 168  Er would probably involve KIT = 3+ configura-
tions closer to the Fermi surface, such as the 1 1 /2[521] + 
5/2[523]} two-quasineutron state. It would be interesting to 
see whether the K = 3 band produced by including g bosons 
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The 1,K = 2,21 level at 1848 keV is also populated very 
strongly in the (t,p) reaction. The cross section for this state, 
integrated over the range of angles measured, is five times that 
of the -y-vibrational band head and is about two-thirds of that for 
the 2 member of the ground state band. In the IBA description 
of 168 Er, this I = 2 level is predominantly a 2 excitation; 
-64% of the wave function is 2 with -4% 2. The only way 
such a configuration should be populated in the (t,p) reaction is 
by multiple step processes involving the single -y phonon at one 
stage or other. The IBA interpretation is therefore unreasonable 
because the multiphonon state is unlikely to be populated so 
much more strongly than the single-phonon state on which it 
is based. 
On the other hand, Soloviev and Shirikova (6) interpreted the 
1848-keV level as the second K = 2 single-quadrupole-phonon 
state, in which case the large (t,p) population is more plausible. 
The only evidence for any new level below --2 MeV, which 
was not observed in the ARC data, is found in the doublet at 
-1780-1795 keV in the (t,p) spectrum. The lower energy part 
of this doublet could be the known IXII = 1,0- level at 1786 
keV, but there are no previously assigned levels corresponding 
to the higher energy component. The excitation energy and (t,p) 
cross section are consistent with the expected properties of the 
7 member of the K 11 = 1 - band based at 1358 keV. Therefore 
this explanation has been tentatively proposed in Table 1. A 
recent examination of 167 Er(n,-y) data 4 shows that two pre-
viously unassigned gamma rays can be interpreted as decaying 
from a level at 1795.3 keV to the 6 1 and 8 1 members of the 
ground state band. 
Several strongly populated levels are observed above 2 MeV 
in the (t,p) spectrum, but as the spins and parities are unknown, 
no useful comments can be made at this time. 
4. Summary and Conclusions 
The level structure of 168 Er has been studied by means of the 
(p,t) and (t,p) reactions. As these reactions exhibit distinctive 
angular distributions for L = 0 transitions, much of the 
emphasis in this work has been placed on the 0+  states and their 
associated rotational bands. The results have been discussed in 
terms of the various competing models that have recently 
been advocated for 168 Er. The quasiparticle-phonon model 
developed by Soloviev appears to have the most promise in 
explaining the present results. Several states that would have 
multiple-phonon character in the IBA description are populated 
very strongly in the (t,p) reaction. To explain these strengths, 
one would have to invoke admixtures of two-quasiparticle 
states. The most serious examples of such cases are the I, K 11 = 
0,0k 1422-keV and the I,K 71 = 2,2 1 1848-keV levels. The 
microscopic calculations of Lin et al. (7) are probably not 
adequate for 168 Er since they fail to account for the newly 
reported K' = 0 band at 1833 keV. 
To make a quantitative analysis of the two-nucleon transfer 
strengths, it would be necessary to know the microscopic 
structures of the states. Correlations in the particle motions 
would have to be considered, as would multistep processes in 
the reaction mechanism. Ascuitto and Sorenson were very 
successful in describing the somewhat erratic (p,t) strengths of 
excited 0 states in Gd and Yb isotopes (22), using the Nilsson 
model with pairing and including inelastic effects in the reaction 
process. It would be useful to have the results of similar  
calculations for 168 Er to see whether the observed strengths 
could also be explained by this "conventional" model. 
It should also be noted that the theoretical IBA cross sections 
presented in Table 2 were calculated using one of the simplest 
forms of the two-particle transfer operator. According to Paar 5 
another term should be added to this operator, and one effect of 
this new term is to increase the L = 0 strength to excited states in 
the SU(3) and SU(5) limits. It will be interesting to see whether 
theoretical developments in this direction will improve the 
IBA predictions. 
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Abstract. A study of the levels in 1 Er, initially reported on in 1981, has been concluded. 
The original neutron capture data have been supplemented with data from a new series .of 
measurements taken with improved statistics, derived from curved-crystal measurements 
of selected portions of the -y-ray spectrum as well as from a measurement of -f-rays in 
the range 1300 keV < E-1 2300 keV using an intrinsic Ge spectrometer. These new 
data have led to the establishment of an improved -y-ray tine list which, in turn, has led to 
more definitive multipolarity information from existing conversion electron data. Using 
these data, employing the Ritz combination principle in conjunction with knowledge of 
the location of levels in istEr  derived from a series of particle transfer experiments, 
a comprehensive level scheme was constructed where 128 levels are arranged into 33 
rotational bands as well as four isolated bandheads. This detailed information about 
the levels, their radiative decay, their spin-parity assignments and their grouping into 
rotational bands constitutes an ideal experimentally-based testing ground against which 
the predictions of theoretical models of low-lying collective excitations in heavy nuclei 
can be compared. 
NUCLEAR REACTIONS 167Er(n,y)168Er, En thermal; measured E-, I.Y . 
1 Er- deduced levels, radiative decay, transition multi polarities, J1  values. 
Curved-crystal spectometers, intrinsic Ge spectrometer. 
1. Introduction 
A decade ago the results of an experimental study of 168  Er were published in this 
journal (Davidson et a! 1981). The detailed knowledge of the level structure and 
decay properties of this deformed doubly-even heavy nucleus was gleaned from a 
series of neufron capture measurements, including measurements of the secondary 
-y-rays with cutved-crystal spectrometers, measurements of primary -y-rays with a pair 
spectrometer, measurements of conversion electron spectra with a /3 spectrometer, 
measurements of -y--y coincidences and measurements using the average resonance 
capture (ARC) technique. The levels up to about 2.2 MeV were incorporated into a 
complete set of 20 rotational bands. 
The properties of this well characterized nucleus made it an ideal candidate 
for comparison with predictions of nuclear models. An initial attempt to describe 
he low-lying positive-parity bands in terms of the interacting boson approximation 
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model (IRA) using s and d bosons (Warner et a! 1980, 1981) subsequently led to the 
development of several IRA-based calculations (Dukelsky a a! 1982, Wood 1983, 1984, 
Wu and Zhou 1984, Chen and Arima 1983, Schaaser and Brink 1984, Akiyama et ai 
1986, Yoshinaga et a! 1986, Barfield et a! 1986, Novoselsky 1988). The geometrical and 
other collective models were also assiduously developed and applied to 'Er (Bohi 
and Mottelson 1982, Dumitrescu and Hamamoto 1982, Seiwert a a! 1984, Draayei 
and Weeks 1984, Matsuo 1984, Jammari and Piepenbring 1988). The development ol 
a model which explicitly incorporated quasiparticle configurations (the quasiparticle-
phonon nuclear model) was achieved by Soloviev (Soloviev and Shirikova 1981, 1982 
Soloviev 1986). Finally a noteworthy contribution was the cranking-model calculatior, 
by Kvasil et a! (1985). 
In the early 1980s, particle transfer reaction studies provided new informatior 
about the location of excited states and their character. The nuclear structure 01 
1 Er was studied with the 170Er(p, t) 1 Er and 166Er(t,  p)'Er reactions (Burke e 
a! 1985a). The 167Er(d, p) and 167Er(t, d) reactions were used to characterize two 
quasineutron states in 168Er (Burke et al 1985). Similarily two-quasiproton states ir 
168Er were studied by means of the 169Tm(, c) 'Er reaction (Burke a a! 1985b) 
Moreover, other experimental studies such as inelastic neutron scattering (Yates et a 
1985), electron capture decay of 168Tm (Meyer a a! 1987), study of primary neutror 
capture from isolated neutron resonances (Kahane et al 1984), and inelastic deuteror 
and a scattering studies on 168Er (Govil et a! 1986) have contributed to a bettei 
understanding of the structure of this nucleus. 
In the 1981 (n, -y) study (Davidson a a! 1981) a level at 2030 keY having J" 
value of 4+  was proposed on the basis of the data at hand. However, while a cast  
was made for this level being a KI = 4+ bandhead, the evidence for this assignmen 
was not as definitive as for the other bands. Evidence for the existence of a J" 
= 2+ level at 1893 keV that did not figure in the previous study (Davidson et a 
1981) was published by Kleppinger and Yates (1983). In the light of these disparitie 
and given the interest from the theoretical community in multiphonon excitations, 
reinvestigation of the neutron capture spectrum of 168Er was initiated with a viev 
to understanding the level structure around and beyond 2 MeV of excitation. Thi 
paper is based in part upon new data: a rescanning of selected parts of the 'y-raj  
spectrum with curved-crystal spectrometers and a new measurement under optimun 
conditions of the -y-ray spectrum with an intrinsic Ge spectrometer, where particulai 
emphasis was given to the energy regime between 1300 and 2300 keV. It is in thi 
interval where the sensitivity of the curved-crystal spectrometers falls off rapidly an( 
the Ge spectrometer comes into its own. A re-examination of the original data ii 
this context led to improved energies and intensities of the list of secondary -y-ra 
transitions which, in turn, led to improvements in the quality of the multipolarit 
information coming from the conversion electron data. 
Using the Ritz combination method on these secondary transitions and takinj 
into account levels defined through pair spectrum and ARC spectrum measurement 
(Davidson a a! 1981) and through particle transfer studies into 168Er, a comprehensiv 
set of 128 levels has been grouped into 19 positive-parity (for 2 only the bandh ' 
identified) and 18 negative-parity bands (for 2 only the bandhead identified). 
The amount of data available is too great to be presented in its entirety ii 
this publication, but is tabulated separately in a National Research Council repor 
(Davidson and Dixon 1991). Thble numbers in this publication refer to the tables i 
the report. The level scheme for 168Er however is summarized in 19 figures in th 
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paper. Detailed discussion of these results in terms of current theoretical models of 
nuclear structure has not been attempted here. 
A preliminary report on some of this work appeared in a 'Festschrift' in honour 
of Dr Gerhard Herzberg (Davidson et al 1984). 
2. Experimental methods 
The curved-crystal spectrometers used to measure the -v-ray spectrum following ther-
mal neutron capture have already been described (Koch et a! 1980, Davidson et a! 
1981). Since the spectral regions of interest in this study involved -v-ray energies in 
the range 800 to 1500 keY, scanning was restricted to the GAMS 2/3 spectrometer. 
The in-pile target took the form of a thin lamina of height 45 mm, depth 4 mm 
and thickness 0.05 mm, and consisted of 40 mg of Er 203 enriched to 91.54% in 
167Er. Extended counting times of 2 min per point (occasionally 5 min per point) 
were used in order to give good statistics. 'Pypical angular resolutions achieved over 
such extended counting times were about 1.6 seconds of arc: this corresponds, for 
example, to a resolution of 620 eV FWHM in fifth order of reflection for a 915 keV 
-v-ray. Particular attention was given to good statistics measurements of the energy 
region of the -v-ray  spectrum from 1000 to 1300 keV in both third and fifth orders 
of reflection since it was found previously that there were in this region multiplet 
structures that needed better resolution. The data were analysed using the methods 
outlined previously (Davidson et a! 1981). 
A coaxial intrinsic Ge detector of 30% relative efficiency and having a resolution of 
1.8 keV FWHM at 1332 keY was used with an 8192-channel analyser to obtain a good 
quality -v-ray  spectrum from the in-pile target described above. The spectrometer was 
located at the same station (Heck and Fanger 1972) as that occupied by the pair-
formation spectrometer described previously (Davidson et a! 1981). Attention was 
given in particular to the energy range 1.3 to 2.3 MeV, where the detection efficiency 
is much higher than for a curved-crystal spectrometer. lb counteract the smearing 
effects of drift in the system, a series of runs (10 in all), each of duration 25000 s, 
were summed after corrections based on two prominent peaks (e.g. 511.0 and 1942.69 
keV) were made by computer. The resulting spectrum showed a resolution of 2.3 keV 
(FwHM) at the 1942.69 keV peak. This resolution allowed an energy determination 
to about 03 to 0.2 keV for the most intense peaks with the best statistics. The energy 
calibration was based on previously determined values of 815.990(4) and 1942.69(8) 
keV for two prominent peaks in the 167Er(n, -y) 168Er spectrum. The peak positions 
were determined by a data analysis program which gave either a straightforward 
calculation of the centroids (with background subtraction) or Gaussian fits to the 
peak shapes. In cases where the peak shape revealed more than one -v-ray, the 
Gaussian fits could be extended to two or three peaks as required. An overriding 
consideration in analysing the Ge -v-ray  spectrum was to obtain consistent results 
even though using different calculational artifacts. 
The revised list of -v-ray  transitions resulting from this investigation is given in 
table 1 (Davidson and Dixon 1991). In many cases hitherto unresolved multiplet 
structures in the spectrum were resolved into their components because of improved 
statistics. InsCch cases the corresponding regions of the electron conversion spectrum 
Was re-examined, leading to revisions in the energies and intensities of conversion 
electron 
.
groups. This procedure, in turn, led to some revisions in the multipolarities 
-J 
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that were deduced. The revised list of electron conversion coefficients and deduced 
multipolarities of -y-ray transitions in the range 70 to 2200 keY is given in table 2 
(Davidson and Dixon 1991). The procedures employed to arrive at the experimental 
information of tables 1 and 2 follow closely the methods outlined previously (Davidson 
et al 1981). 
A final caveat—although a major effort has been made to ensure consistency 
among the different sets of data and their analyses, one cannot be entirely certain 
that in a compilation of this magnitude an occasional error has not escaped detection. 
3. Construction of level scheme 
The criteria used in the construction of the level scheme for 168  Er essentially follow 
the methods used before (Davidson et a! 1981). Levels were identified from popula-
tion by primary transitions and/or Ritz combinations, from recent results of particle 
transfer reaction spectroscopy, and in some cases from the literature. The possible 
decay modes of each level hitherto documented were searched for assiduously. This 
procedure became progressively more difficult as regions of higher excitation were 
scanned due to the increasing level density encountered. Understandably, since levels 
defined through particle transfer studies have uncertainties in the keV range, fre-
quently several potential decay modes came out of the Ritz search. Considerable 
care had to be exercised to identify and accept the decay modes that appear in this 
publication. 
The Ot,  2, O, 	and 3 bands. With very minor exceptions, the information 
and conclusions about these five positive-parity bands remain unchanged from those 
presented in the original paper (Davidson et a! 1981). There are no changes for 
the 0 and 2t  bands. For the 0 band, a tentatively assigned 8+  level has been 
withdrawn. 'Rvo newly assigned -y-ray transitions (498.456 and 760.541 keV) appear 
in the de-excitation of the 0 band while a 1638 keV transition has been. withdrawn. 
As far as the 3 band is concerned, newly placed transitions at 111.985 and 745.293 
keV appear. The 7 member of this band is now located at 2 100.356 keV on the 
basis of a Ritz combination involving three transitions. Detailed decay properties for 
these bands are given in tables 3, 4, 6, 8 and 11 (Davidson and Dixon 1991). 
The 4j, 1j,3 and 2  bands. Again, the major characteristics of these four low-
lying negative-parity bands remain the same as those presented in the 1981 paper. 
The 7 member of the ir  band was located at 1795.323 keV: it depopulates by 
two transitions to the ground band. In the 3 1  band, two new transitions (726.161 
and 639.236 keV) connect its members to the 4 1  band. An £3 transition from the 
3 bandhead to the ground state observed in a meticulous study of 'Tm electron 
capture decay by Meyer et a! (1987) has been included here. The decay modes of the 
2 1  band remain unchanged from before. Detailed decay properties of this group of 
bands are given in tables 5, 7, 9 and 10 (Davidson and Dixon 1991). 
Beyond about 1750 keV excitation energy the present data enabled the establish-
ment of levels through the Ritz method to be made more surely than was hithert9 
possible. The substantial improvements in the detail of the bands lying at interme-
diate excitation are best described by treating each band individually without explicit 
comparison to the 1981 paper. Arguments are advanced to substantiate the existence 
of levels, how their J" assignments were arrived at and any other attributes requirefi  
to pin down as unequivocally as possible the characteristics of the band in questio 
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The caveats outlined in the 1981 paper retain their validity in the present paper as 
well. While criteria used in 1981 (e.g. restricting multipolarities to El, Ml, E2 and 
the need for a minimum of two transitions to a lower-lying band before acceptance) 
prevail, some transitions appearing in the Ritz searches were among the weakest in 
the line list of table 1 (Davidson and Dixon 1991). Given that companion transitions 
may be at or below detection sensitivity, the criterion that at least two transitions be 
identified has been relaxed for some of the higher-lying bands. 
Prior knowledge of levels in this range of excitation derives from measurements of 
the pair formation spectrum (given in the 1981 paper as table 3), average resonance 
capture (ARC) data (given in 1981 paper as table 4), some unpublished ARC data in 
the excitation energy range 2250 to 2400 keV (Casten 1984), levels populated through 
single-neutron stripping reactions (Burke et a! 1985c), levels populated in two-neutron 
transfer reactions (Burke et a! 1985a), levels populated in the single-proton transfer 
reaction (Burke et a! 1985b) and resonance fluorescence of spin-i states (Metzger 
1976). Level identification and band identification was made through an interplay of 
looking for Ritz combinations of secondary -y-rays defining a level to few eV precision 
and matching this up with levels from the other sources cited above, defined albeit 
to few keV precision. 
The K = 6 and 7T bands. The 6-  state at 1773 keY was located in the previous 
study and given a unique JI = 6-  assignment. A Ritz combination study produced 
a unique combination of the three transitions (at 123.174, 226.048 and 349.229 keY) 
shown in figure 1. These low-energy transitions, all known to eV precision and 
having measured Ml components, were the only combination to occur in this region 
of excitation. The level at 1896 keV is identified as the 7 member of the band 
both from position and from population in the (d, p) study (Burke et a! 1985c). The 
level at 2122 keV is identified as a 1c2' = 7 bandhead. No evidence for any other 
lower-lying 6 potential bandhead came from Ritz searches. A summary of the decay 
properties of these two bands is given in tables 12 and 23 (Davidson and Dixon 1991). 
The K',= 0-  band at 1786 keV. The decay properties of this octupole band 
are summarized in table 13 (Davidson and Dixon 1991). There are some changes to 
what was presented in the 1981 paper for this band. The major change involves the 
interchange of the 5 levels known to exist at 2129 and 2185 keV, the latter state 
being the 5 member of the KII = 1 band at 1936 keV. These two 5 states are 
probably mixed. The level spacing of the 1 - , 3 and 5 states now follows more 
closely expectations from other experimentally determined octupole bands (Mikhaiov 
et a! 1983). 
The IC = 3 band at 1828 keV. This band, known from the 1981 paper, has 
been extended up to a (new) 7 member at 2210 keY whose existence is defined by 
a combination of three -y-ray transitions. The details of its decay are given in table 
14 (Davidson and Dixon 1991). 
The K = O band at 1833 keV. The properties of this band. with bandhead at 
1833.5 keV were identified by combining (n, -y) and (n, e - ) data with the results of 
(t, p) reaction spectroscopy (Burke et a! 1985a). A full discussion of the experimental 
identification of the members of this band was published separately (Davidson et al 
I983). Further confirmation was obtained from the (n, n'-y) reaction by Yates et a! 
(1985) and from the (, a) results of Burke et a! (1985b). Decay properties are given 
i41 table 15 (Davidson and Dixon 1991). 
The I2 ='2+  band at 1848 keV. This band was characterized in the 1981 paper 
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Figure 1. Proposed decay modes of KIF = 61  and 7 bands in 1 Er. The bandheads 
are, respectively, at 1773.201 and 2122.425 keV. 
plus four doubly-placed transitions. The 1915 keV level now has a unique JT value 
of 3+,  ensured by the presence of a connecting transition to the 2 - level at 1569 
keV. The 4 level is at 2002 keV, and the 5 level at 2108 keY Decay properties are 
summarized in table 16 (Davidson and Dixon 1991) and in figure 2. 
The KT = 4 band at 1905 keV. The present study furnishes no additional 
information about the properties of this band beyond what was given in the 1981 
paper. This band decays primarily by Ml transitions to the KT = 4j rand at 1094 
keV, suggesting strong mixing between the two bands. The decay properties are given 
in table 17 (Davidson and Dixon 1991). 
The KT = 2 band at 1930 keV. The decay properties of this band are now more 
complete than in the 1981 paper. Based on decay patterns involving a combination of 
nine -y-ray transitions to the members of five lower-lying bands, the 5+ member was 
established at 2188 keV. This level is one of three closely adjacent levels at 2185.0 
(5), 2186.7 (3k) and 2188.3 keV (5+). The decay properties are summarized in 
table 18 (Davidson and Dixon 1991) and in figure 3. 
The KT = 1 band at 1936 keV. The decay properties are summarized in table 
19 (Davidson and Dixon 1991) and figure 4. The 5 member is nowat 2185 key 
(see discussion of KT = 0-  band above). A Ritz combination search led to th 
identication of the 6 - member at 2303 keV. The El multipolarity of the 1185. 
keV transition ensures negative parity for this level. 
The KT = 3 band at 1999 keV. The decay of this band is more complet 
the number of de-exciting transitions having almost doubled over th number 
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figure 2. Proposed decay modes of the KI = 4 band in 1 Er. The bandhead is at 184&357 keV. 
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the 1981 paper. The 6- member, defined through Ritz combinations involving six 
transitions, was located at 2331 keV. The members of this band up to the 6 level 
were also identified in the (i, al) study (Burke et a! 1985b).The decay properties are 
summarized in table 20 (Davidson and Dixon 1991). 
The KI = 4t band at 2055 keV. More complete information on the decay of this 
band is given in table 21 (Davidson and Dixon 1991) and figure 5. The 6 member, 
defined by three depopulating transitions, was located at 2306 keV A characteristic 
decay pattern to the members of the 2t  and 4j bands is noted. 
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Figure S. Proposed decay modes of the KI = 4 band in 1 Er. The bandhead is at 
2055.901 keV. 
The K = 4 band at 2059 keV. Details about this band are given in table 22 
(Davidson and Dixon 1991) and figure 6. The 6 - member, which had not been 
located in the 1981 study, was located at 2255 keY The 943.892 keV transition de-
exciting this level has Ml multipolarity, therefore ensuring negative parity. All three 
levels cited in table 22 (Davidson and Dixon 1991) are populated in the (d, p) reaction 
(Burke et al 1985c). 
The K = it band at 2133 keV. Alter levels had been assigned to all the band 
listed here except the KI = 0 band, there still remained in the pair (primary 
spectrum and in the ARC spectra (Davidson et a! 1981, Casten 1984) levels at 2137 
2243 and 2311 keV. From the ARC data these were assigned respectively the followin 
possible spins: Jr = 2, 5+ (3+, 4+); j7r = 3+, 4; and Jir = 2, 5+ ( 3+, 4+ 
The Ge spectrum showed decay -y-rays of about 2134 and 2137 keY, suggesting th 
possibility of a second level of low spin lying about 3 keV below the 2137 keV leveJl. 
In fact the results of Metzger (1976) on the scattering of bremsstrahlung, in which 
levels of spin 1 were predominantly excited, had shown a level of spin 1 or 2 at 21 6 
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keV. The possibility that Metzger had observed a spin-1 level (at about 2134 keV), 
while the ARC results had shown a spin-2 level (at about 2137 keV) was confirmed by 
finding Ritz combinations for each. The decay-y-rays and the best energies resulting 
from the Ritz combinations are shown in tables 24 and 25 (Davidson and Dixon 
1991), and in figures 7 and 8. 
The construction of a KI = 1 band based on the 2133.742 keY level is probably 
less secure than most of the other bands. The 2+  level at 2177 keV has been 
determined from a Ritz combination of three transitions with the same decay pattern 
as that of the bandhead, but it does not seem to have been resolved in the ARC data. 
The postulated 3+  member is the level at 2243 keV which is clearly observed in the 
ARC data. All three members decay to the ground band and to the KI = O band. 
Details are given in table 24 and figure 7. 
Evidence for similar KI = 1+ bands at this region of excitation has been found 
in neighbouring nuclei (158Gd (Greenwood et a! 1978), 'Er (Panar and Burke 1979) 
and 174Yb (Gelletly et a! 1986)). 
The KI = Ot  band. The 2137 keV level decays to the ground state, and by 
an Ml transition to the first 2+ state. Hence only the spin 2+  value from the ARC 
possibilities is allowed. The 2311 keV level is found to decay to 4 and 6 levels, and 
from the ARC results must therefore have a J" value of either 4+  or  5+  The inelastic 
deuteron spectrum of Tjom and Elbek (1968) is consistent with the population of, a 
state around 2311 keV, which assures a natural parity assignment. A state at this 
energy is also populated in the (t, p) reaction (Burke et a! 1985a). These results 
indicate a unique spin-parity value of 4+  for this level. The decay properties are 
summarized in table 25 (Davidson and Dixon 1991) and figure 8. 
The question arises if the 2311 keV level could be the 4+  member of the K" 
= 1 band. Its decay pattern is similar, and the level spacing would be somewhat 
staggered as expected. This assignment however would leave the 2137 keY level 
devoid of both 3+  and  4+  partners. Ritz combination searches for such partners 
were unsuccessful. Instead we have hypothesized a K" = Ot  band in which the 2137 
and 2311 keV levels are the 2+  and 4+  members, respectively, thereby removing the 
necessity of finding a 3+  member. The observation of the 2311 keV level in the (t, p) 
study by Burke et a! (1985a) may lend some support to the hypothesis of a 
band. However, the location of the bandhead clearly is required to put this band on 
a secure footing. . 
The K" = 31 band at 2186 keV. Levels of a new band were found at, 2186 keV 
(3+) and 2279 keV (4±). Evidence for a level at 2186.739 keV, having 3 or 4, was 
put forward in the 1981 paper. Since the 2279 keV state connects by Ml transitions 
to 3+  and  4+  states and connects to a 5 state, a unique J" value of 4*  obtains for 
this state. It is suggested that the 2186 keV level has a .J" value of 3+  and that it 
forms a IC" = 3+ bandhead. This band has strong decays to the K" = 3t band. 
Details are given in table 26 (Davidson and Dixon 1991) and figure 9. 
The K" = 24 band at 2193 keV. This is a new b defined by decays exclu 
sively to the 2jf  band. Population of levels at 2193 and 2254 keV was repo rte 
in the 'Ho /3-decay study of Tirsell and Multhauf (1973). They proposed tha 
these two levels were the spin-2 and spin-3 members of a K" = 2- band: Th 
present study confirms these spin values but defines positive parity for these level 
The 2254 keV level is observed in the pair spectrum and in ARC where a (2-5 ) 
assignment is given. A Ritz combination defines a level at 2336 keV, which is - 
terpreted as the 4+  member. The detailed properties are summarized in table 7 
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Figure 6. Proposed decay modes of the KI = 4 band in 'Er. The bandhead is at 2059.971 keV. 
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Figure 7. Proposed decay modes of the KI = 1 band in 168 Er. The bandhead is at 
2133.742 keV. 
:Davidson and Dixon 1991) and figure 10. 
The I( = 2 band at 2230 keV. The levels at 2230, 2302 and 2392 keV are 
onsidered to form a new KI = 2- band. The level at 2230 keY connects by a 
$60.854 keV (Ml) transition to the 2 - level at 1569 keV, restricting its spin to J" = 
V, 2- or 3. Since the ARC data define JI = 2- or 5 for this level (Davidson et 
111981), a unique JI = 2-  assignment is assured for this level. A similar argument 
r the 2302 keV level, for which the ARc data give J1 = 3 or 4 (Casten 1984) 
sures a unique J value of 3. Decay of the 2392 keV level to the 5+ member 
the 2 band, coupled with an ARC assignment Jw = 3 or 4, assures a unique 
t signment J1  = 4 for this level. The detailed properties of this band are presented 
n table 28 (Davidson and Dixon 1991) and figure 11. 
- 	- 
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Figure 8. Proposed decay modes of 2 level at 2137.066 keV and 4 level at 2311.064 
keV in 1 Er. Arguments are advanced in the text that these two levels constitute 
members of the KI = at band based on a hitherto unobserved bandhead. 
The K = 4t band at 2238 keV. A level at 2238 keV was populated in the pair 
spectrum and the ARC spectrum (Davidson et a! 1981) where it was assigned J = 
3+ or  4+•  Since it de-excites to a 5 level, a unique J1 value of 4+  results. There 
is evidence that this level was also populated in the (d, d') reaction (Tjom and Elbek 
1968). No evidence was forthcoming for a lower-lying 3+  level. It is thus considered 
that the 2238 keV level constitutes a bandhead. A level at 2368 keV, whose decay 
modes are consistent with J values of 4+  or  5+, was defined from a Ritz combination 
search, and is identified as the 5+ member of the band. Further details about this 
band are given in table 29 (Davidson and Dixon 1991) and figure 12. 
The K = 3 band at 2262 keV. A level around 2262 keV was observed in the 
pair spectrum (Davidson et a! 1981) and in ARC (Casten 1984) where it was assigned 
J = 3 or 4. It has also been observed in the (d, d), (CV, CO, (p , 0' (t, p) and (d, p) 
reactions and identified as a collective octupole state. Its decay modes corroborat 
the unique JI value of 3 assigned to this level. The 4 and 5 members are 
observed in the pair spectrum and have consistent decay patterns. Details are giver 
in table 30 (Davidson and Dixon 1991) and figure 13, / 
The K = 5 and 5 bandheads. A level at 2267 keV is observed in the pair 
spectrum and further defined by a Ritz combination of five transitions to 4, 5 anki 
5+ states, including an El transition to the 1094 keV 4 state. It therefore has J/' 
= 4+ or  5+ From a study of the probabilities of populating a state starting fron 
neutron capture resonances with spin 4 and with spin 3; Kahane et al (1984) ha  
4 + 
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Figure 10. Proposed decay modes of the KI = 2t  band in 1 Er. The bandhead is at 
2193.192 keV. 
placed 1515.98 keV El transition confirms either the 3 assignment for the 2337 keV 
level, or the 4 assignment for the 2411 keV level. The decay modes of the 2526 keV 
level, which also has a strong population in the primary spectrum, are consistent with 
JI = 4 or 5 for this level. A peak at this energy appears in the (t, p) spectrum, 
indicating J = 5. Details of the decays of these two 3 bands are given in tables 
33 and 34 (Davidson and Dixon 1991), and in figure 15. 
The K = 5 1  band at 2365.1 67 keV. A level is defined at 2365.167 keV by a 
combination of five transitions, four of which are to negative parity levels, and two of 
which are determined to be Ml. The ARc data (Casten 1984) suggest Jr = 2- or 5. 
From the decay transitions this level must be assigned 5. A second negative-parity 
level, with a similar decay pattern, is defined by four transitions to 4, 5, 6- and 
7+ levels. It must therefore have J1 = 6- . These two levels have been classified 
as members of a KI = 5 band. The details are given in table 35 (Davidson and 
Dixon 1991). 
The K = it band at 2365.30 keV. This band de-excites to the ground and 2 
bands. A spin-1 level was identified at 2363 keV in a bremsstrahlung study of 168Er 
(Metzger 1976) and a K = 1+ band (up to the 4 member) was identified in the 
(, cs) reaction study (Burke et a! 1985b). Ritz searches led to the identification of 
the decay modes, which are summarized in table 36 (Davidson and Dixon 1991) and 
figure 16. 
The KI 25 band at 2425 keV. Levels at 2425 and 2484 keV were defined in 
I! 
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Figure 9. Proposed decay modes of the KI = 3 band in 1 Er. The bandhead is at 
2186.736 keV. 
concluded that in fact the 2267 keV level has JF. = 5+ Since this level does not fit 
in any lower band, it is considered to be a new KI = 5j bandhead. 
Similarly, a level at 2298 keV is defined by a Ritz combination of five transitions 
to 4, 5, 6- and 5+  states, including an El transition to the 1193 keV 5 state. It 
therefore has Yr = 5+ and is considered to be the K 1r =bandhead. Details of 
the decay properties for these two 5+  levels are given in tables 31 and 32 (Davidson 
and Dixon 1991), and in figure 14. 
The K" = 3 and 3 bands. Levels at 2323, 2337, 2402, 2411, 2513 and 2526 
keY received strong population from primary transitions in the pair spectrum. The 
experimental evidence suggests that these levels are members of two adjacent Kr 
3 rotational bands. The levels at 2323, 2402 and 2513 keV all decay exclusively to 
the 2t band. The &jc data (Casten 1984) suggest that the 2323 keV level has J" = 
3 or 4, anda transition to the 2t  bandhead then assures J" = Y. Population of 
the 2323 keV level in the (p, t) reaction confirms the natural parity assignment. The 
2402 keV level receives strong population from a primary transition suggesting 3 or 
4 for this level, which is supported by two El transitions in its decay. Similarly, the 
decay pattern for the 2513 keV level restricts the J1 value to 4 or 5. It should 
be also noted that Govil et al (1986) have identified the 2323 keV bandhead as a 
collective octupole state. 
The triplet of levels at 2337, 2411 and 2526 keY depopulate to the 2jF and 4j 
bands. The ARcdata (Casten 1984) suggest that the 2337 keV level has J" = 3 or 
4, with 3 favoured from inspection of the decay modes. Population in the (p, t) 
reaction confirms the natural parity choice of J1 = Y. In the case of the 2411 keV 
level, there is a very strong population in the primary spectrum, suggesting J' = 3 
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Figure 13. Proposed decay modes of the 	= 3 band in 1 Er. The bandhead is at 2262.689 keV. 
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Figure 16. Proposed decay modes of the KI = 1 band in 1 Er. The bandhead is at 2365.30 keV. 
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;he study of 168Ho fl-decay (Tirsell and Multhauf 1973). They proposed that these 
evels are the 2+  and 3+  members of a K = 2 band. A consistent pattern of decay 
nodes to the ground band, the 2 band and the 0 band is observed for these levels, 
is well as for a 4 level defined at 2561 keY The 2425 keV level is also populated in 
he (r, c) reaction (Burke et a! 1985b). A peak in this reaction is consistent with a 
tate at about 2482 keV which may be identified with the 3+  member. The detailed 
)roperties are summarized in table 37 (Davidson and Dixon 1991) and figure 17. 
The K = 5 bandhead at 2477 keV. Evidence for a level at 2477 keV comes 
rom a combination of three transitions connecting to the 4, 5 and 6- members of 
he 4 band. The decay to the 5 member is definitely Ml or E2. From the decay 
)attern this state has been tentatively identified as the K 11 = 5 bandhead. The 
letails are provided in table 38 (Davidson and Dixon 1991). 
The K = 4 band at 2663 keV. A level at 2663 keV is proposed. it is defined 
n the pair spectrum and depopulates via three transitions. Coincidence data (Siniic 
nd Koicki 1981 private communication) define the decay of this level to the 1653 
:eV level by means of a 1009.675 keV (E2) transition. The decay modes shown in 
able 39 (Davidson and Dixon 1991) therefore indicate a J't = 4+ or  5+  assignment. 
Ritz combination search led to the identification of a candidate level at 2769 keV 
s the next member of the band based on the 2663 keV level. The 2769 keY level is 
Iso observed strongly in the pair spectrum. A likely interpretation is that the 2663 
:eV state forms the bandhead of a K = 4+ band. The detailed properties are 
ummarized in table 39 (Davidson and Dixon 1991). 
1. Discussion 
'he results on the nuclear structure of 168Er presented here are of unprecedented 
etail and constitute the culmination of a series of studies on this nucleus which were 
iitiated in 1976. Following a preliminary presentation at the Brookhaven neutron 
apturë meeting in 1978 (Davidson et a! 1979), a comprehensive paper on 20 low-K 
Dtational bands was published (Davidson et a! 1981). Another paper was published 
n the idea of completeness of states using the 168Er data (Casten et a! 1980). Further 
apers followed on all common particle transfer reactions that can access 168Er (Burke 
a! 1985a, b, c) where new information about the collective nature of the excited 
wels was obtained. Earlier results on the identification of the IT = Ot band 
Davidson et a! 1983) and on a synopsis of the levels (Davidson et a! 1984) have been 
ublished. 
In all, the location and decay modes of 128 levels have been characterized. Evi-
ence for their grouping into 17 rotational bands and 2 bandheads of positive parity, 
nd into 16 rotational bands and 2 bandheads of negative parity, has been advanced. 
be level structure at low and intermediate regions of excitation in 168Er, grouped 
ito rotational bands is summarized in figure 18 (positive parity states) and figure 19 
iegative parity states). While the concept of completeness of states up to 2.0 MeV, 
ased on ARC studies, put forward in the 1981 paper may break down in the interme-
late region of excitation (2.0 to 2.5 MeV) spanned by the new bands reported here, 
e preponderance of levels defined in the primary spectrum, ARC spectra and particle 
ansfer reactions are accounted for in terms of their decay modes. Exceptions that 
re noted, i.e. levels known to exist from pair and ARC spectra for which, despite 
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levels at 2272.89, 2373.26, 2383.18 and 2398.12 keV in the excitation energy range up 
to 2420 keV. 
As alluded to in the introduction, the 'Er level structure in the 1981 paper 
spawned wide interest in that some 70 theoretical papers describing different aspects 
of the experimental level structure of "Er were published. Since 'Er is a highly 
deformed even-even nucleus, the first interpretation of the low-lying bands was in 
terms of rotational—vibrational excitations according to the Bohr—Mottelson model. 
The KI = 2t band was identified as an oscillation of the nuclear shape involving 
excursions away from axial symmetry (-y-vibration). However Bohr and Mottelson 
(1982) rejected the interpretation that either of the KI = 0 or 0 bands could be 
interpreted as a 3-vibration. 
Another model for organizing the experimental results in 'Er was sought in the 
interacting boson approximation (IBA), using s and d bosons, in the SU(3) limiting 
symmetry. This model, initiated by Arizna and lachello in the 1970s (see e.g. Arima 
and lachello 1978), was enthusiastically applied by Warner et a! (1980, 1981) to 'Er. 
These authors stressed the success of the IBA calculations in predicting the dominance 
of a - y decays over 3 - ground decays, in contrast to the geometrical model, and 
therefore allowing the KI = 0 band to be labelled as the fl-band in 'Er. Seiwert 
et a! (1984) soon thereafter discussed the application of other collective models to 
168 ET.  
It was soon apparent, however, that these simple models could not 'address the 
complexity of the experimental results in 168Er. One of the first problems encountered 
was to locate the expected two-phonon states in 168Er. If the -y-bandhead is located at 
821 keV, and the a-bandhead at 1217 keV, then two-phonon excitations are expected 
roughly as follows: 0 and 4 at about 1640 keV, 2 at about 2040 keV and 000 
at about 2430 keV. The identification of pure two-phonon states in 168Er has not been 
successful, although some IBA practitioners claim evidence for -y-y components in the 
0 state at 1422 keV and the Ot  state at 1833 keV, and for /3-y components in the 
2 states at 1848 and 1930 keV. 
A great deal of attention has been given in the literature to a possible 44 
bandhead. The first possible experimental 4 bandhead is at 2055 keV but while 
this band decays strongly to the -t-band, it also has strong El transitions to the K 
= 4j band. One of the first attempts to explain the absence of the 4 state in 168Er
Yl at the expected energy was made by Dumitrescu and Hamamoto (1982), who invoked 
a strongly anharmonic potential in the -y-plane and/or a potential with a minimum 
at -y  54 0. Soloviev and Shirikova (1981, 1982) concluded that the two-phonon states 
should be pushed above 3 MeV as a consequence of the Pauli principle, where the) 
would be severely fragmented through mixing with many non-collective states. More 
recently the anharmonicity problem has been addressed from a microscopic viewpoin 
by Matsuo in a series of papers (Matsuo 1984, Matsuo and Matsuyanagi 1985, 198 
1987) and by Piepenbring and Jammari (1988) using a complementary methxI (Se 
also Jammari and Piepenbring 1988). These authors find that the 44 state shoul 
lie between about 2.0 and 2.5 MeV, and might therefore be expeted to retain 
recognizable degree of collectivity, while the 0 state should lie somewhat highe 
making it unlikely that it could be identified as a -y -y state. 
The degree of collectivity in the low-lying 0+ states of "Er is still an opr 
question. Experimentally the neutron transfer experiment of Burke .et a! (1985c) a 
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not in the K' = 0 band at 1422 keV. From the 	a) proton transfer experiment, 
Burke et a! (1985b) have found a large 	[411]- [411] two-quasiproton admixture 
in the KT = Ot band at 1833 keY. Lin et a! (1983) calculated that the KT = 
and O states should be predominantly two-quasineutron in character. Their failure 
to predict the KT = 0 band stimulated a further study (Lin and Mai 1987) in which 
they predicted three additional two-quasiproton bandheads O, 0 and Ot be low 2200 
keY Soloviev and Shirikova (1982) found that the 0, 03+ and 0 states should be of 
predominantly single-phonon character. 
A number of authors studying deformed rare-earth nuclei have attempted to 
extend the validity and applicability of the IBA model by adding g bosons to the usual 
s and d bosons. An obvious benefit of such a program is to account for the KT = 
band at 1653 keV, which is generally regarded as a collective hexadecapole vibration. 
The problem of including g bosons was discussed for example by Wu (1982), followed 
by Wu and Zhou (1984) and Zhou and Wu (1984). The problem was also taken 
up by Arima (1984), with subsequent papers by Yoshinaga et a! (1986, 1988) and 
by Akiyama et a! (1986) claiming to account for the KT = 3j band in 168  Er, the 
anharmonicity problem concerning the KT = 4+1 band, and (t, p) strengths. The 
predictions of these authors differ on the location of a KT = 1+ hexadecapole band. 
For a general review of IBA calculations, including g-bosons, see Casten and Warner 
(1988). 
In the geometrical model the low-lying J(T = 0, 1 - , 2- and 3 bands are 
associated with octupole vibrations. In a study of inelastic a and deuteron scattering, 
Govil et a! (1986) have found relatively strong B(E3) values for 3 states at 1431, 
1633, 1913, 2269, 2324 and 2486 keV. The first three of these states belong to the 
J(T = ir, 2 and 0j bands, respectively; their interpretation as collective octupole 
vibrations seems therefore confirmed. The first three KT = 3 bands at 1541.5, 1828 
and 1999 keV however do not seem to be strongly collective; instead, appreciable 
collective octupole strength appears to lie in the 142' = 34  band at 2262 keV and 
the KT = 3 band at 2323 keY We have located the IC' = 3 band at 2337 keV 
which probably was not resolved in the results of Govil et a! (1986), but we have not 
identified a 3 bandhead at 2486 keV. Calculations of negative-parity states within 
the IBA have been made by adding L = 3 bosons (f bosons) to the usual s and d 
bosons (see e.g. Govil et a! 1986, Barfield et a! 1986, 1988). 
The shortcomings of the IBA model particularly in respect of single-nucleon 
transfer strengths have been pointed out by Burke et a! (1987). In contrast, the 
quasiparticle-phonon nuclear model (QPNM) developed by Soloviev and co-workers 
has successfully allowed a comparison with experiment. Detailed comparisons of the 
IBA and QPNM models have been published by Soloviev (1986, 1988). In the QPNM' 
the 2+, 3+, and 4+ vibrational states in 168Er at least up to the 4+  state at 2238 keV 
and the 0- , 1 - , 2- and 3 octupole states at least up to 2262 keV, are consider 
to be predominantly of single-phonon character; their two-quasiparticle composition 
have been calculated by Soloviev and Shirikova (1989) and are in general agreemen 
with the results of the transfer reactions. 
There are three KT = 4 bands with bandheads at 1094, 1905 and 2059 ke 
which are not of a predominantly collective nature. Their two-quasiparticle config - 
rations have been elucidated in the particle transfer experiments, and .for details t ë 
reader is referred to the publications of Burke et a! (1985a, b, c). 
It should be noted here that while many of the bands in 16  	for the region abo e 
2 MeV have not yet been identified in transfer experiments, an attempt has b n 
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made by Sood et a! (1989) to predict their quasiparticle structures, and furthermore 
to predict new bands. 
Finally the considerable interest in collective magnetic dipole states in deformed 
nuclei may be noted (see e.g. Castaflos et a! 1987, Richter 1990). In 1 Er a state 
at 3.39 MeV originally observed in the ( -y, -y') reaction by Metzger (1976) was later 
identified as such a collective state by Bohle et a! (1984) using inelastic electron 
scattering. This energy is well above the energies of the 1+  states identified in the 
present work. 
Acknowledgments 
The authors wish to acknowledge support from the National Research Council 
(Canada)—Centre National de la Recherche Scientifique (France) exchange agree-
ment. The assistance given by Dr H G Börner, Dr F Hoyler and Dr S A Kerr at 
the Institut Laue—Langevin is gratefully acknowledged. We thank Dr R F Casten of 
Brookhaven National Laboratory for making some results available to us, and for 
permission to quote them. We have benefitted from discussions with Professor D G 
Burke, Professor J A Cizewski and Professor V G Soloviev. 
References 
Akiyama Y, Heyde K, Arima A and Yoshinaga N 1986 Phys. Lea. 173B 1 
Arima A 1984 NucL Phys. A 421 63c 
Arima A and lachello F 1978 Ann. Phys., NY 111 201 
Barfield A F, Barrett B R, Wood J L and Scholten 0 1988 Ann. Phys., NY 182 344 
Barfield A F, Wood J L and Barrett B R 1986 Phys. Rev C 34 2001 
Bohie D, Küchler G, Richter A, and Steffen W 1984 Phys. Lea. 148B 260 
Bohr A and Mottelson B R 1982 Phys. Scr 25 28 
Burke D 0, Cizewski J A and Davidson W F 1987 Proc. Int. Symp. Symmetries and Nuclear Structure 
(Dubrovnik) vol 13 ed R A Meyer and V Paar (Chur. Harwood Academic) p  173 
Burke D 0, Davidson W F, Cizewski J A, Brown R E. Flynn E R and Sunier J W 1985a Can. I. Phys. 
63 1309 
Burke D G, Davidson W F, Cizewski J A, Brown R E and Sunier J W 1985b NucL Phy.s A 445 70 
Burke D G, Maddock B L W and Davidson W F 1985c NucL Phys. A 442 424 
Castaños 0, Draayer J P and Leschber Y 1987 Ann. Phys., NY 180 290 
Casten R F 1984 Private communication 
Casten R F and Warner D D 1988 Rev Mod Phys. 60 389 
Casten R F, Warner D D, Stelts M L and Davidson W F 1980 Phys. Rev. Lea. 45 1077 
Chen H-T and Arima A 1983 Phys. Rev. Lea. 51 447 
Davidson W F and Dixon W R 1991 National Research Council of Canada Report PIRS 0288, available from 
the Ionizing Radiation Standards Group, Institute for National Measurements Standards, National 
Research Council, Ottawa, Ontario, Canada K1A 0R6. 
Davidson W F, Dixon W R, Burke D G and Cizewski J A 1983 Phys. Lea. 130B 161 
Davidson W F, Dixon W R and Storey R S 1984 Can. I. Phys. 62 1538 
avidson W F, Warner D D, Casten R F, Schreckenbach K, Börner H G, Simié J, Stojanovié M, 
Bogdanovié M, Koiki S, Gelletly W, Orr G B and Stelts M L 1981 J. Phys. G: NucL Phys. 7 455 
(corrigendum 7 843) 
l)avidson W F, Warner D D, Schreckenbach K, Borner H G, Simié J, Stojanovié M, Bogdanovié M, 
Koiki S and Gelletly W 1979 Proc. 3rd mt. Symp. on Neutron Capture Gamma-ray Spectroscopy and 
Related Topics ed R E Chrien and W R Kane (New York: Plenum) p  594 
Lraayer J Pand Weeks K J 1984 Ann. Phys., NY 156 41 
D\ukelsky J, Federman P, Perazzo R P J and Sofia H M 1982 Phys. Lea. 115B 359 
1712 	WFDavidson and W  Dixon 
Dumitrescu T S and Hamamoto 11982 NucL Phys. A 383 205 
Gelletly W, Laiysz J R, Börner H G, Casten R F, Davidson W F, Mampe W, Schreckenbach K and 
Warner D D 1986 1 Phys. G. Nuci Phys. 13 69 
Govil I M, Fuibright H W, Cline D, Wesolowski E, Kotlinski B, Bãcklin A and Gridnev K 1986 Phys. 
Rev C 33 793 
Greenwood R C et a! 1978 NucL Phys. A 304 327 
Heck D and Fanger U 1972 Ke7nforschungs-zentnun KarLs,uhe Report KFK 1604 
Jammari M K and Piepen bring R 1988 NucL Phys. A 487 77 
Kahane S, Raman S, Slaughter 0 G, Coceva C and Stefanon M 1984 Phys. Rev. C 30 807 
Kieppinger E W and Yates S W 1983 Phys. Rev. C 28 943 
Koch H R, Börner H G, Pinston J A, Davidson W F, Faudou J, Roussille R and Schult 0 W B 1980 
NucL Insirum. Methods 175 401 
Kvasil J, Chariev M M, Cwiok S, Choriev V and Mikhailov I N 1985 Soy. I. NucL Phys. 42 372 
Lin L and Thai S F 1987 Phys. Rev. C 36 2159 
Lin L, Yee S Y, Thai S F and Chen H T 1983 1 Phys. G: NucL Phys. 9 L223 
Matsuo M 1984 Prog Theor Phys. 72 666 
Matsuo M and Matsuyanagi K 1985 Prog. Theor. Phys. 74 1227 
- 1986 Prog Theor Phys. 76 93 
- 1987 Prog Theor Phys. 78 591 
Metzger F R 1976 Phys. Rev. C 13 626 
Meyer R A, Nethaway D R, Prindle A L and Yaffe R P 1987 Phys. Rev. C 35 1468 
Mikhailov I N, Safarov R Kh, Usmanov F N and Briancon Ch 1983 Soy. I. NucL Phys. 38 297 
Mulligan T J, Sheline R K, Bunker M E and Jurney E T 1970 Phys. Rev. C 2 655 
Novoselsky A 1988 NucL Phys. A 483 282 
Panar J D and Burke D G 1979 Can. I. Phys 57 1999 
Piepenbring R and Jammari M K 1988 NucL Phys. A 481 81 
Richter A 1990 NucL Phys. A 507 99c 
Schaaser H and Brink D M 1984 Phys. Lett. 143B 269 
Seiwert M, Maruhn J A and Hess P 0 1984 Phys. Rev. C 30 1779 
Simié J and Koiki S 1981 private communication 
Soloviev V 0 1986 Z. Phys. A 324 393 
- 1988 Soy. I. Nuci. Phys. 47 209 
Soloviev V G and Shirikova N Yu 1981 Z. Phys. A 301 263 
- 1982 Soy. I. NucL Phys. 36 799 
- 1989 Z. Phys. A 334 149 
Sood P C, Sheline R K and Ray R S 1989 NucL !nstrum. Meth. B 40/41462 
Tirsell K 0 and Muithauf L 0 1973 Phys. Rev. C 7 2108 
Tjom P 0 and Elbek B 1968 NucL Phys. A 107 385 
Warner D D, Casten R F and Davidson W F 1980 Phys. Rev. Lett 45 1761 
- 1981 Phys. Rev. C 24 1713 
Wood J L 1983 NucL Phys. A 396 245c 
- 1984 NucL Phys. A 421 43c 
Wu H-C 1982 Phys. Lett 110B 1 
Wu H-C and Zhou X-Q 1984 NucL Phys. A 417 67 
Yates S W, Kieppinger E D and Kleppinger E W 1985 J.  Phys. G: NucL Phys. 11 877 
Yoshinaga N, Akiyama Y and Arima A 1986 Phys. Rev. Len. 56 1116 
- 1988 Phys. Rev. C 38 419 
Zhou X-Q and Wu H-C 1984 NucL Phys. A 421 159c 
j. 
1+1  National Research Conseil national Council Canada de recherches Canada 
ARC-CiOC 
Institute for National 
	
lnstitut des étalons 
Measurement Standards nationaux de mesure 
ii,. uanaua 
_, -- - - 
— - - — 
- - - - -
 
- w - - .— ...._.._ U...... -- .........••_ 
 ..........U_ 
The primary responsibility of the 
Institute for National Measurement 
Standards is to develop and maintain the 
national base for the system of 
measurement units used In Canada 
(Systeme International d'Unites: SI), and 
to ensure that there can be direct 
traceability to this national base 
throughout the country. 
The Institute develops and improves 
primary standards and techniques for 
physical measurements in accordance 
with the evolving definitions of the SI 
units and improvements In technology, 
disseminates technical Information and 
expertise to the Canadian measurement 
community, provides consultative 
services and makes equipment and 
facilities available to Interested 
organizations. 
The Institute maintains primary 
measurement capabilities for the basic 
physical quantities; length, mass, time, 
electricity, temperature, and light 
intensity. It also provides a first order 
calibration service for suitable 
instruments or reference standards 
associated with these basic quantities or 
with a number of derived physical 
quantities. Typical such derived 
quantities are in the fields of photometry, 
colorimetry, acoustics, microwaves, 
Ionizing radiation, pressure, electrical 
power, and various dimensional 
measurements. 
A major interest of the Institute is the 
cooperative development and the 
coordination of the Systeme 
International d'Unites. This requires 
active and continuous collaboration with 
the Bureau International des Polds et 
Mesures (BIPM), certain other 
international organizations, and with 
the national standards laboratories of 
other industrialized countries. 
La principale responsabilitè de l'Instltut 
des êtalbns nationaux de mesure est 
d'èlaborer et de conserver la base 
nationale du système d'unitès de mesure 
employé -au Canada' (Systeme 
international d'unités : SI), tout en 
permettant de remonter directement a 
cette base national partout au pays. 
L'Institute prepare et amCliore des étalons 
primaires et des techniques de mesure 
physiques conformèment aux défmnitions 
courantes des unites SI et aux progres de 
la technologie, assure la diffusion 
d'inlormatlons techniques et de savoir-
faire au sein de la communauté 
metrologique canadienne, offre des 
services de consultation et met de 
l'equipement et des installations a la 
disposition d'organismes intèressès. 
L'Instltut conserve des modalités de 
mesure primaire pour les quantités 
physiques fondamentales : longueur, 
masse, temps, èlectricitè, temperature et 
intensité lumineuse. Ii offre egalement 
un service d'etalonnage de premier ordre 
pour des ètalons de reference et des 
Instruments appropriès  associés a ces 
quantités fondamentales ou a des 
quantités physiques dèrlvées. Ces 
dernières relèvent typiquement de la 
Fhotometrie, de la colorimètrle, de acoustlque, des micro-ondes, des 
rayonnements ionisants, de la presslon, 
de la puissance electrique, et de diverses 
mesures dimensionnelles. 
L'Institut porte un intèrét majeur a 
l'elaboration cooperative et a la 
coordination du Système international 
d'unités. Cela exige une collaboration 
active et permanente avec le Bureau 
International des Poids et Mesures 
(BIPM), avec d'autres organismes 
Internationaux et avec les laboratoires 
d'etalonnage nationaux d'autre pays 
industriallsés. 
NRC Report P1RS-0288 
	
1 
Identification of Rotational Bands 
at Intermediate Excitation in 168E  r 
W.F. Davidson and W.R. Dixon 
er 
The authors of this report have recently published a comprehensive study of the en 
levels of the nucleus 168Er (J. Phys. G: Nuci. Part. Phys. 17 (1991) 1683-1712). The present 
report contains 39 tables of data relevant to this study: a 7-r4y, line list with intensities (table 1), 
conversion electron data (table 2) and details of deexcitation modes of 33 rotational bands as well 
as of four isolated bandheads (tables 3-39). The abstract of the published paper is given below. 
Abstract 
Abstract. A study of the levels in 168Er, initially reported on in 
1981 J J.Phys. G 7 (1981)455; 8431, has been concluded. The original 
neutron capture data have been supplemented with data from a new 
series of measurements taken with improved statistics, derived from 
curved-crystal measurements of selected portions of the 7-ray spectrum 
as well as from a measurement of 7-rays in the range 1300 keY 
2300 keY using an intrinsic Ge spectrometer. These new data have 
led to the establishment of an improved 7-ray line list which, in turn, 
has led to more definitive multipolarity information from existing con-
version electron data. Using these data, employing the Ritz combina-
tion principle in conjunction with knowledge of the location of levels in 
"Er derived from a series of particle transfer experiments, a compre-
hensive level scheme was constructed where 128 levels are arranged into 
33 rotational bands as well as. four isolated bandheads. This detailed 
information about the levels, their radiative decay, their spin-parity as-
signments and their grouping into rotational bands constitutes an ideal 
experimentally-based testing ground against which the predictions of 
theoretical models of low-lying collective excitations in heavy nuclei can 
be compared. 




Energies and intensities per 10,000 neutron captures of 














































































































































































































































































1.3(2) 1828 286.509(4) 	. 11.6(9) 
0.16(4) 1848 287.499(10) 0.68(12) 
0.10(3) 2129 288.497(11) 0.62(12) 
192.(18) . 	 1311 288.895(26) 0.21(5) 
5.4(7) 1760 289.722(28) 0.16(4) 
2279 293.235(2) 0.97(20) 
0.07(3) 2368 293.523(2) 1.00(20) 
21.3(28) 1117 294.390(2) 6.7(9) 
2.8(4) 1961 295.068(21) 0.15(4) 
2.5(4) 2122 295.384(20) 0.20(5) 
0.11(4) PP .295.926(20) 0.20(5) 
0.14(4) 296.309(6) 0.39(8) 
0.23(6) 	- 1624 297.640(3) 0.50(9) 
0.23(6) 299.418(22) 0.34(7) 
0.29(6) . 303.878(4) 0.99(16) 
0.18(5) 1949 305.219(5) 0.62(8) 
0.20(6) 307.481(5) 0.22(5) 
2.0(4) 	. 2059 308.309(5) 0.60(8) 
0.20(6) 313.420(14) 0.21(5) 
0.14(5) 2022 315.383(3) . 11.8(16) 
0.25(6) 2133 321315(5)d 0.35(7) 
0.43(8) 2080 322.910(6) 0.18(5) 
0.81(17) 1950 324.256(14) 0.52(8) 
1.2(2) 1902 330.459(8) 	. 1.33(20) 
0.41(8) 1653 331.301(8) 0.24(5) 
0.27(6) 2200 333.086(4) 1.26(20) 
0.15(4) 2255 335.589(3) 0.98(18) 
3.2(5) 	. 2148 336.881(14) 0.49(8) 
51.(6) 1448 337.523(11) 0.22(5) 
0.76(20) 1994 338.547(17) 0.41(8) 
0.24(5) 1707 340.802(4) 0.55(9) 
0.21(5) PP 344.954(3) 2.2(4) 
0.81(22) 2100. 345.247(7) 0.95(17) 
0.30(6) 2262 345.669(7) 0.52(9) 
0.13(4) 1839 346.054(10) 0.44(10) 
0.27(6) 346.197(8) 0.56(9) 
0.22(7) 346540(5)d 1.4(3) 
1.3(2) 348.523(2) 3.8(5) 
0.49(8). 2089 348.944(30) 0.35(7) 
23.9(32) 1263 349.229(3) 1.0(2) 
0.46(8) 2185 349.703(21) 	. 0.64(8) 
1.1(2) 2255 351.422(14) 0.27(5) 
3.8(6) 1094 351.970(7) 0.65(10) 
0.24(6) 352.900(3) 3.4(4) 
0.28(6) 354.883(6) 0.29(5) 
0.42(7) 1983 355.215(8) 	. 0.48(8) 
0.59(14) 1930 360.599(4) 1.4(3) 
0.73(14) 1892 361.834(5) 1.3(3) 
0.21(5) . 	 1848 362.547(15) 2.7(4) 
0.64(12) 1999 363.540(6) 0.36(8) 
0.20(6) 1915 365.763(2) 9.4(12) 
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369.006(8) 0.90(18) 2002 447.515(3) 223.(20) 1541.5 
370.170(6) 6.4(8) 2089 450.048(3) 2.1(4) 2186 
• 	371.173(3) 16.7(18) 1820.1 451.005(28) 0.5(2) 
• 372.537(5) 0.45(9) 451.312(25) 0.66(18) 
374.683(4) 2.5(4) 2267 451.675(30) 0.24(9) 2188 
375.128(10) 0.33(8) 455.096(3) 5.2(8) 1276 
378.404(12) 0.74(18) 455.899(8) 8.5(9) 2089 
379.545(3) 30.6(32) 928 457.664(5) 58.9(60) 1999 
379.954(8) 2.6(4) 2200 458.910(3) 1.7(3) 2298 
380.286(6) 1.9(4) 2200 460.100(15). 0.55(13) 2365.1 
380.479(5) 2.6(6) 1276 461.739(3) 13.7(14) 1773 
381.181(14) 0.63(7) 2331 463.485(14) 0.28(6) 2368 
381.349(3) 4.9(7) 2089 464.707(8) 0.37(8) 
382.346(9) 0.81(16) 2331 466.603(12) 0.34(8) 2526 
383.226(20) 0.60(18) 467.516(12) 0.21(5) 
383.366(3) 6.6(6) 468.529(5) 0.50(10) 1396 
383.875(6) 8.1(18) 1999 469.168(5) 6.7(8) 1828 
384.510(9) 0.51(11) 
470014(19)C 0.29(6) 
387.191(6) 1.3(3) 1820.1 470.977(13) 0.43(8) 
389.386(10) 0.17(5) 471.874(6) 1.0(2) 
389.804(4) 0.46(9) PP 472.218(12) 0.81(18) PP 
390.476(8) 0.36(8) 473.536(10) 1.8(3) 
391.671(9) 0.26(6) 474.004(5) 20.1(25) 2089 
392.194(15). 0.42(8) 474.636(17) 0.49(9) 2302 
394•131(12)d 0.13(5) 475.462(18) 0.63(13) 
396.530(3) 52.8(50) 1707 477.454(10) 0.49(9) 
398.144(7) .0.22(5) 480.129(85) 0.69(14) 
398.829(3) 0.61(12) 2238 480.619(5) 3.50(45) 2022 
401.343(11) 0.25(6) 481.239(3) 3.34(45) 2200 
407.984(6) 0.86(18) . 482.190(20) . 0.41(8) 2302. 
408.457(8) 0.78(18) . 492.427(3) 6:0(8) 2200 
409.751(6) 0.41(9) 2302 494.480(10) 1.8(3) 2100 
410.838(10) 0.41(9) 496.858(4) 3.67(45) • 	 1760 
416.352(4) 13.1(15) 1411 497.489(34) • 2.0(4) 
420.478(7) 0.37(9) 497.768(6) 19.1(25) 1615 
422.318(4) 116.(10) 1615 498.456(56) 0.6(2) 1493 
424.329(4) 3.4(9) PP 499.233(3) 	• 6.7(8) 1616 
426.659(30) 1.22(15) . 499.856(11) 1.2(2) 
428.295(13) 0.90(20) 2267 501.506(10) 3.8(5) 2238 
428.974(19) 1.1(3) 501.783(11) 1.2(3) 
429.779(5) 20.5(25) . 	 1999• 502.822(7) 1.06(15) 
430.731(20) 0.12(4) 1972 504.644(4) 4.1(5) 1432 
436.672(5) 1.8(4) . 507.936(3) 3.7(5) 1403 
440.264(16) 1.0(2) 	. 2279 508.679(5) 2.4(4) 1820.1 
440.391(12) 1.4(2) 	• 2148 511.504(15) 1.6(3) 2331 
442.593(20) 0.6(2) 511.860(7) 2.5(4) 2331 
442.773(6) 	. 2.7(5) 512.133(24) 2.2(4) 
444.086(4) 5.5(8) 1707 512.441(2) 13.9(17) 1961 
444.638(5) 2.6(5) 2059 514.970(2) 8.7(9) 1707 
445.234(20) 0.92(20) 515.303(2) 18.7(22) 1411 
445.995(4) 9.7(10) 994 516.683(2) 7.3(9) 1949 
446.633(66) 0.29(6) 518.405(9) 1.3(3) . 2059 
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520.667(9) 0.81(15) 1448 622.059(5) 3.1(4) 1616 
521.303(3) 13.6(17) 1615 624.005(5) 2.3(3) 2331 
523.480(18) 0.37(7) 2097 626.086(7) 3.5(6) 2279 
524•786(11)C 0.61(10) 627.104(6) 5.5(9) 1820.1 
526.079(7) 1.2(3) 629.184(20) 4.0(10) 2262 
527.884(3) 64.4(60) 1839 629.397(20) 4.9(12) 2348 
530.551(53 1.2(3) 629.724(9) 6.5(12) 2246 
531.538(5) 2.8(4) 631.703(3) 538.(45) 895 
533.202(5) 24.9(28) 2186 638.710(8) 55.(5). 1633 
534.793(15) 0.78(14) 2188 639.236(39) 3.8(9) 1950 
535.642(21) 0.46(8) 1431 640.567(20) 1.9(4) PP 
537.761(59) 0.73(14) 1358 640.880(24) 1.6(4) 
538.683(31) 1.4(3) 1656 642.324(18) 2.4(7) 2091 
540.971(9) 0.9(2) 642.629(20) 2.4(7) 1736 
542.352(35) 0.6(2) 2303 643.181(8) 11.4(13) 1760 
542.939(6) 8.0(10) 2279 644.277(5) 21.8(25) 1193 
543.667(7) 135.(15) 1736 645.206(26) 1.6(3) 2186 
546.802(5) 22.7(45) 1541.5 645.775(15) 35.(6) 1541.5 
546.960(5) 39.8(75) 1541.7 645.939(11) 24.(4) 1541.7 
547.805(7) 18.4(25) 2089 647.344(15) 3.4(6) 2262 
552.771(6) 2.6(4) 649.087(9) 1.6(4) 
555.866(17) 0.8(3) 2097 650•001(47)C 0.35(15) 
556.571(4) 24.(4) 1820.4 651.036(8) 1.4(4) 
557.079(3) 8.0(10) 821 653.879(63) 0.33(15) 2474 
559.510(4) 158.(20) 1653 654.790(30) 0.41(8) 2311 
561•975(47)C 0.51(15) 655.392(29) 0.98(18) 
563.187(8) 0.81(20) 658.393(24) 1.7(4) 2091 
563.894(81) 0.37(15) 660.854(36) 2.0(4) 2230 
566.425(11) 0.62(18) 661.523(7) 2.4(4) 1656 
568.821(6) 85.(10) 1117 666.103(33) 0.8(3) 2097 
571.428(19) 0.46(15) 2186 669.221(20) 4.1(7) 2302 
572.068(14) 1.1(3) 1848 669.344(40) 2.0(4) 2080 
573•676(16)d 0.45(15) 669.835(11) 2.1(3). 2118 
577.690(9) 0.52(15) 1936 671.589(8) 6.0(8) 1983 
580.176(4) 39.(5) 1773 671.961(9) 2.8(5) 1493 
• 	 582.567(3) 37.(5) 1403 673.666(4) 38.(7) 1569 
583.472(22) 1.3(3) 2302 675.960(26) 1.0(2) 1893 
585.066(5) 9.8(12) 2200 679.180(5) .30.(6) 1773 
587.253(19) 0.33(15) 2243 684.654(15) 2.0(4) PP 
589.913(8) 3.0(5) 1411 685.760(15) 2.8(5) 1949 
• 	 590.415(12) 1.5(3) .1707 687.302(30) 6.8(12) 	• 2302 
591.257(25) 1.6(3) 688.538(20) 3.5(10) 1616 
591.402(20) 2.0(3) 2002 	• 688.789(30) 1.9(6) 2230 
593746(13)d 1.0(2) 690.494(6) 6.0(12) 2001 
597.327(7) 2.3(4) 1493 692.537(42) 1.2(4) 
601.603(5) 57.(6) 1719 695.039(37) 0.9(3) 2348 
609.164(9) 	• 2.2(3) 2262 696.132(28) 1.9(6) 1624 
613.951(4) 7.7(12) 1707 697.658(17) 1.6(5) 
614.996(24) 2.8(5) 2230 699.921(6) 12.2(15) 1892 
616.827(5) 7.2(13) 1893 702.576(6) 	• 8.6(13) 1820.1 
619.990(8) 19.1(26) 2031 702.914(6) 12.8(15) 1820.4 
620.590(17) 3.9(5) 1615 711.666(24) 2.3(8) 2133 
NRC Report PIRS-0288 6 
712.079(7) 6.9(12) 1905 840.890(8) 1.5(3) 1736 
713.257(6) 43.6(50) 1707 843.827(43) 1.3(6) 1961 
715.163(6) 121.(11) 1263 844.614(15) 6.6(7) 1839 
718.574(73) 1.2(5) 1994 853.473(6) 518.(45) 1117 
719.170(100) 1.2(6) 1983 858.063(23) 3.7(7) 2169 
719.550(5) 78.(9) 1615 860.039(19) 5.2(9) 
720.392(5) 110.(10) 1541.5 862.355(11) 7.2.(8) 1411 
721.708(27) . 2.8(8) 1839 862.985(60) 8.0(20) 2055 
724.432(5) 32.8(40) 1719 865.329(23) 6.5(10) 2129 
726.161(33) 0.7(2) 1820.1 867.014(11) 7.5(10) 1795 
729.001(50) 1.7(7) 2303. 877.072(17) 2.8(6) 
730.660(2) 831.(75) 994 . .884.219(9) 24.9(32) 1432 
733.231(10) 3.4(8) 2302 889.006(10) 5.7(10) 1983 
736.561(59) 1.3(5) 	. 2169 890.616(49) 0.7(3) 
737.686(4) 82.(9) 1633 898.315(27) 6.0(10) 2091 
741.356(3) 491.(45) 821 899.853(50) 2.2(9) 
745.293(10) 5.7(10) 1839 900.206(15) 6.4(10) 1448 
745.807(25) 1.1(3) 905.298(150) 0.9(3) 2169 
748.281(4) 86.(9) 1569 907.927(25) 9.4(14) 2001 
751.504(34) 0.33(12) 909.414(86) 1.3(4) 2451 
755.660(80) 1.7(4) 2177 910.547(31) 6.5(9) 
757.839(30) 1.5(4) 1653 912.910(42) 5.3(8) 
759.157(10) 1.0(3) 2392 914.944(6) 503.(45) 994 
760.541(86) 1.2(3) 1656 920.783(34) 14.5(25) 1915 
761.112(47) 2.1(5) 2210 925.762(15) 5.1(8) 2118 
762.751(41) 0.9(3). 1311 928.935(5) 110.(10) 1193 
768.368(11) 4.9(11) 1961 930.476(52) 5.0(8) 
769.375(42) 2.1(7) 932.269(9) 51.(5) 1828 
775.378(13) 2.0(7) 1892 937.565(70) 1.0(3) 
778.717(7) 6.9(14) 938.215(50) 1.5(3) 2055 
779.806(6) 	. 13.9(20) 2091 943.892(25) 5.5(9) 2255 
790.001(5) 53.(7) 1983 944.786(55) 2.4(7) 2561 
792.108(56) 1.9(7) 2055 952.611(15) 7.8(12) 1848 
795.045(9) 5.9(13) 955.339(11) 33.(5) 2148 
797.936(95) 2.0(6) 1915 961.875(8) 35.(5) 2055 
798.890(7) 160.(15) 1892 965.937(6) 65.(7) 2059 
807.298(34) 17.5(20) 2118 969.506(27) 3.3(8) 
808.910(13) 52.(7) 2001 973.695(32) 3.8(8) 2091 
811.043(8) 115.(12) 1905 974.417(35) 3.7(8) 	. 1902 
812.287(11) 69.(8) 1633 976.498(14) 11.0(25) 2169 
813.460(50) 5.4(12) 2246 978.549(50) 2.0(4) 
814.768(70) 1.6(5) 979.996(6) 30.(4) 2097 
815.990(4) 	3000.(240) 895 982.644(34) 2.4(7) 2246 
821.164(5) 443.(40) 821 984.419(77) 2.0(4) 
823.386(8) 85.(10) 1719 986.403(40) 6.0(11) 2080 
825.729(7) 60.(8) 1820.4 986.938(50) 4.4(8) 2298 
829.958(7) 286.(30) 1094 988.447(20) 4.7(9) 
832.049(33) 20.(4) 1949 991.388(21) 8.8(14) 2108 
832.362(39) 16.(3) 1653 995.306(25) 8.0(12) 2188 
833.294(9) 32.(5) 1828 995.420(25) 8.0(14) 2306 
835.140(30) 2.0(8) 1656 997.245(27) 4.2(7) 1893 
836.809(32) 1.9(5) 998.446(42) 1.8(7) 
NRC Report PIRS.0288 7 
999.827(11) 75.(8) 1263 1123.295(60) 5.6(11) 
1004.111(40) 3.7(8) 1128.272(76) 4.5(10) 
1006.912(29) 11.7(25) 1828 1131.311(46) 3.8(12) 
1007.571(59) 7.5(18) 2002 1132.018(70) 2.6(11) 
1009.675(21) .21.2(28) 2663 1133.383(35) 3.6(12) 
1010.609(67) 3.1(10) 1135.390(64) 2.1(9) 2031 
1012.190(10) 99.(9) 1276 1137.357(16) 11.5(16) 1217 
1014.111(42) 7.0(11) 1094 1138.148(35), 5.0(10) 
1015.653(133) 2.1(6) 1141.465(68) 3.4(13) 
1018.326(170) 2.1(6) 1913 1142.031(30) 10.6(16) 
1019.568(70) 5.3(8) 1915 1144.112(11) 59.(7) 2238 
1020.696(75) 6.1(8) 1146.998(9) 74.(9) 1411 
1025.377(11) 70.(8). 1574 1151.192(39) 6.6(18) 1972 
1027.112(70) 4.1(8) 1848 1153.312(57) 2.4(7) 
1027.790(70) 4.0(9) 1155.564(30) 5.5(16) 2348 
1029.452(50) 4.0(9) 1159.185(28) 17.(4) 
1030.501(45) 5.3(11) 1160.077(20) 14.(3) 2055 
1034.488(40) 4.6(9) 1930 1165.653(98) 5.2(17) -2477 
1036.383(58) 3.4(12) 2031 1167.396(15) 130.(13) 1431 
1037.877(182) 2.4(10) 1172.300(73) 4.2(18) 2365.1 
1038.734(161) 3.4(12) 2303 1173.557(20) 47.(6) 	. 2267 
1041.353(111) 3.6(11) 2474 1174.557(72) 7.6(20) - 	 2169 
1042.354(205) 2.2(9) 2306 1175.531(66) 7.8(20) 2368 
1043.559(124) 2.4(9) 1176.424(49) 10.0(17) 
1045.312(70) 2.9(10) 2238 1180.868(24) 13.0(20) 
1050.563(150) 1.6(6) 1185.480(18) 16.4(35) 2303 
1051.860(63) 4.1(18) 2169 1189.95(21) 3.1(13) 
1054.297(19) 11.0(25) 2148 1194.08(16) 4.6(14) 
1056.751(50) 6.5(15) - 1196.513(20) 52.(7) 1276 
1058.331(44) 3.5(9) - 1199.610(37) 7.8(20) 2392 
1060.061(125) 2.4(9) 1201.757(21) 26.(4) 2097 
1061.128(50) 6.9(15) 2055 1207.46(16) 2.5(10) 
1062.701(30) 9.5(25) 1208.304(92) 4.4(12) PP 
1068.079(13) 44.(7) 1616 1212.045(20) 32.(5) 1760 
1071.740(130) 1.7(5) 1893 . 	 1218.677(64) 7.0(25) PP 
1074.502(167) 5.5(18) 2267 1219.801(45) 6.0(23) 
1075.640(80) 5.9(18) 1624 1222.28(10) 4.0(17) 
1076.524(23) 19.(3) 1972 1223.00(7) 5.0(20) 
1085.252(76) 3.9(12) 1229.080(15) 41.(6) 1493 
1086.616(30) 10.0(17) 2279 1231.042(92) 4.0(2) 2348 
1090.823(30) 7.9(20) 1234.760(23) 30.(5)) 2055 
1093.67(10) 5.(2) 1238.77(15) 3.0(10) 
1094.43(10) 12.(3) 1915 1242.20(12) 3.0(10) 
1100.114(150) 1.7(7) 2411 1243.072(20) 16.0(4) .2337 
1102.805(48) 	. 6.1(17) 2,097 1246.697(43) 8.5(25) 1795 
1105.260(16) 30.5(35) 2298 1247.78(13) 2.5(10) 2365.1 
1106.650(48) 7.(2) 2002 1259.270(50) 12.(3) 2080 
1107.495(19) 36.(7) 1656 1260.090(50) 25.(5) 2254 
1109.360(80) 3.9(11) 1930 1267.83(10) 10.(3) 2262 
1112.409(48) . 7.5(15) 1268.91(3) . 	 8.(3) 
1113.839(70) . 7.6(15) 2306 1271.129(35) 29.(4) 2365.1 
1117.300(160) 3.4(11) - 1273.738(90) -15.(7) 2169 
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1274.533(120) 19.(7) 2368 1458.34(15) 7.(3) 2769 
1275.316(85) 18.(7) 2392 1461.13(8) 8.(2) 
1276.268(27) 52.(7) 1276 1466.40(15) 4.(1) 
1277.592(20) 157.(18) 1541.7 1470.40(17) 5.(2) 2663 
1279.127(26) 69.(9) 1358 1472.81(11) 9.(2) 1736 
1281.034(68) 10.(3) 2474 1477.38(11) 8.(3) 
1284.08(8) 7.(3) 2477 1481.71(13) 10.(2) 2302 
1292.657(42) 10.6(30) 2188 1484.46(8) 17.(4) 
1294.053(25) 21.(6) 2411 1486.78(8) 15.(4) 
1297.320(58) 7.7(23) 2193 1489.47(14) 5.(2) 1569 
1298.400(90) 7.2(23) 2392 1491.17(12) 6.(2) 
1310.030(8) 123.(11) 1574 1493.09(8) 10.(2) 1493 
1317.56(10) 5.0(15) 2411 1496.76(13) 5.(2) 2392 
1323.913(20) 124.(11) 1403 1497.94(22) 5.(2) 2393 
1328.574(210) 3.7(15) 2323 
1501•9218f 2323 
1331.324(15) 112.(11) 1411 1502.73(9) 1506•49(12)f 
18.(4) 
2402 1333.44(15) 9.8(32) PP 1507•50(18)f 22.(5) 1338.67(15) 4.3(22) 
1341.577(140) 11.(3) 2336 1515.98(6) 51.(7) PP 
1342.436(70) 24.(5) 1422 1517.77(14) 3.(1) 
1346.72(17) 5.(2) 1518.95(16) 9.(3) 2513 
1351.542(40) 133.(12) 1431 1524.18(13) 14.(4) 
1352.532(130) 21.(7) 1616 1529.67(17) 3.(1) 2425 
1353.784(100) 43.(9) 1902 1532.18(21) 3.(1) 2526 
1358.904(27) 29.(7) 1358 1534.05(10) 21.(4) 
1366.914(20) 23.(6) 2262 1541.46(25) 5.(2) 1541.5 
1368.651(37) 14.(5) 1542.94(25) 6.(2) 
1372.051(33) 20.(5) 2193 1547.83(15) 5.(2) 
1383.362(84) 5.(2) 2477 1552.55(25) 6.(2) 2547 
1392.209(13) 98.(10) 1656 1556.84(15) 27.(4) 
1396.125(58) 11.(4) 2513 1560.16(8) 22.(4) 2108 
1398.046(55) 12.(4) 2392 1563.85(9) 15.(3) 
1406.93(7) 7.0(2) 2302 1569.30(11) 9.(2) 2663 
7.0(2) 2402 1572.41(15) 4.(1) 2393 
1409.148(39) 13.(4) 2230 1575.11(17) 5.(2) 1839 
1413.317(23) 38.(8) 1493 1576.58(8) 6.(2) PP 
1417.053(25) 15.(4). 1580.72(8) 38.(4) 2129 
1422.582(76) 4.(2) 1582.95(20) 9.(3) 2478 
1426.26(11) 4.(2) 1588.75(10) 4.(2) 2484 
1427.40(11) 4.(2) 2323 1589.70(15) 9.(3) 
1432.64(7) 8.(3) 2526 1599.00(16) 7.(2) 
1433.74(7) 15.(4) 2254 1604.09(18) 5.(2) 2425 
1438.32(13) 3.(1) 1610.30(20) 8.(2) 
1440.41(12) 10.(3) 2336 1617.75(10) 11.(2) 
1441.41(7) 19.(2) PP 1624.23(17) 5.(2) 
1444.06(14) 4.(2) 2561 1630.22(20) 3.(1) 
1445.26(8) 4.(2) 1633.70(30) 3.(1) 
1446.00(7) 4.(2) 1636.60(10) 12.(2) 2185 
1447.50(11) 7.(3) 1639.73(10) 7.(2) 2188 
1449.26(12) 7.(3) 1644.45(6) 13.(3) 
1452.50(11) 7.(3) 2348 1649.77(6) 50.(6) 1913 
1456.15(12) 7.(3) 2451 1651.49(7) 7.(2) PP 
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1656.84(9) 8.(2) PP 1896.82(12) 4.(2) 
1658.76(9) 7.(2) 1898.36(14) 4.(2) 
1663.21(10) 5.(2) 2484 1900.92(12) 4.(2) 
1665.74(8) 8.(2) 2561 1907.84(20) 6.(2) 
1672.84(9) 19.(3) 1912.66(16) 6.(2) 
1675.49(6) 20.(3) 2769 1914.97(8) 40.(7) 
1683.28(8) 9.(2) 192111(10)g 28.(5) 
1691.47(15) 5.(2) 1922•64(9)9 27.(5) 
1696.30(20) 9.(2) 1924.36(13) 22;(5) 
1697.86(7) 12.(3) 2246 1928.21(12) 16.(3) 
1700.76(40) 3.(1) 1930.49(12) 17.(3) 
1706.37(8) 26.(4) 1786 1933.39(20) 3.(1) 
1717.47(15) 6.(2) 1936.40(13) 30.(4) 
1730.89(7) 18.(3) 1994 1938.69(18) 10.(4) 
1732.76(16) 10.(2) 1942.69(8) 64.(9) 
1738.34(6) 38.(5) 2002 1948.73(25) 4.(2) 
1745.58(18) 7.(2) 1950.94(15) 6.(2) 
1750.21(8) 29.(4) 1963.18(30) 4.(2) 
1753.73(11) 11.(2) 1833 1965.19(15) 7.(2) 
1758.47(8) 18.(3) 2022 1970.09(10) 11.(3) 
1762.19(18) 13.(2) 2311 1975.08(30) 9.(2) 
1763•41(16)f 10.(2) 1979.36(9) 23.(4) 
1765.02(12) 1987.77(10) 5.(2) 
1766.99(5) 42.(5) 2031 1997.88(30) 3.(2) 
1768.49(7) 22.(3) 1848 2000.56(15) 12.(3) 
1780.51(8) 7.(2) 2007.18(16) 8.(2) 
1786.20(8) 9.(2) 1786 2009.56(16) 10.(2) 
1787.60(12) 8.(2) 2012.34(21) 5.(2) 
1790.42(12) 5.(2) 2015.60(10) 8.(2) 
1792.33(14) 5.(2) 2023.41(20) 6.(2) 
1801.49(25) 5.(2) 2025.49(25) 5.(2) 
1811.29(14) 5.(2) 2029.78(18) 7.(2) 
1813.29(5) 27.(5) 1893 2034.85(16) 11.(3) 
1816.34(6) 22.(5) 2080 2037.69(25) 9.(2) 
1833 • 43(10)9 38.(8) 2097 2047.03(10) 47.(8) 
1834•05(9)9 40.(8) 1913 2057.20(20) 7.(2) 
1835.68(5) 58.(8) 1915 2059.51(10) 19.(4) 
1844.75(7) 24.(4) 2108 2062.44(25) 4.(2) 
1848.31(7) 24.(5) 1848 2068.07(12) 9.(2) 
1850.46(10) 22.(5) 1930 2070.98(12) 9.(2) 
1855.59(30). 3.(1) 2075.65(20) 6.(2) 
1861•34(8)t 13.(3) 2078.02(20) 7.(2) 
1862•43(8)f 2081.15(35) 3.(1) 
1865.10(10) 40.(7) 2129 2085.18(30) 4.(2) 
1873.12(13) 11.(3) 2136 2088.14(25) 8.(2) 
1875.69(12) 9.(2) 2092.20(17) 6.(2) 
1880.47(20) 3.(1) 2094.88(12) 30.(5) 
1883.47(14) 7.(2) 2099.37(20) 3.(1) 
1885.71(9) 13.(3) 2102.09(16) 3.(1) 
1889.64(20) 4.(2) 2104.67(15) 8.(2) 
1890.93(35) 4.(2) 2108.85(15) 11.(3) 
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Wh 
2119.44(19) 7.(2) 2382.22(24) 
2124.76(18) 6.(2) 2393.47(18) 
2129.46(20) 6.(2) 2393 2398.25(15) 
2133.94(10) 15.(3) 2133 2401.92(24) 
2136.89(16) 10.(3) 2136 2404.84(20) 
2143.21(20) 4.(2) . 	 2411.16(21) 
2147.34(20) 7.(2) 2414.33(19) 
2151.05(20) 7.(2) 2420.71(24) 
2156.28(18) 10.(3) 2425.35(20) 
2159.15(9) 35.(5) 2436.49(20) 
2163.44(9) 42.(6) 2243 2452.31(25) 
2170.49(9) 30.(5) 2456.60(18) 
2177.80(15) 8.(2) 2177 2459.49(19) 
2185.39(20) 7.(2) . 2472.94(28) 
2191.48(20) 11.(3) 2477.25(27) 
2193.41(20) 16.(4) 2505.53(50) 
2198.01(15) 9.(2) 2512.89(40) 
2203.65(9) 19.(4) 2521.52(29) 
2207.96(38) 8.(2) 2524.03(14) 
2210.02(3 .9) 9.(2) 2525.89(37) 
2212.69(48) 8.(3) 25.46.97(28) 
2214.47(20) 13.(3) 2478 2553.90(28) 
2220.70(21) 15.(3) 2484 2576.67(23) 
2226.43(14) 11.(3) 2588.82(26) 
2229.27(20) 5.(2) 2597.21(18) 
2235.30(20) 23.(4) 2609.60(23) 
2242.96(14) 12.(3) 2612.88(20) 
2250.10(15) 7.(2) 2616.82(24) 
2256.73(12) 17.(3) 2626.03(23) 
2270.10(11) 38.(6) 2627.88(19) 
2275.14(35) 4.(2) . 2634.22(40) 
2277.97(22) 6.(2) 2636.31(35) 
2282.84(50) 4.(2) 2547 2645.11(30) 
2285.55(30) 7.(2) 2365.3 2648.60(38) 
2297.43(10) 25.(4) 2561 2659.06(70) 
2300.63(9) 34.(6) 2667.37(28) 
2303.22(20) 12.(3) 2671.25(29) 
2305.01(20) 12.(3) 
5 2687.18(31) 
2312.50(16) 30.(5) 2695.65(25) 
2314.49(20) 14.(3) 2393 2704.33(30) 
2316.01(31) 5.(2) 2711.17(28) 
2320.03(16) 15.(3) 2715.44(44) 
2322.51(30) 10.(3) 2747.45(26) 
2337.06(33) 16.(4) . 2779.47(33) 
2339.58(24) 16.(4) 2793.77(34) 
2341.89(24) 12.(3) . 2823.66(30) 
2345.58(17) 15(3) 2425 2827.65(25) 
2347.63(16) 16.(4) . 2912.82(26) 
2361.69(18) 6.(2) . 2922.03(37) 
2365.30(12) 13.(3) 2365.3 2943.38(26) 
2369.20(28) 3.(1) 2948.35(32) 



































a Energy and intensity errors on the last digit(s) are given in 
parentheses. 
b Excitation energy (truncated) of level which 1-ray depopulates. The 
cases where a 1-ray has been assigned a double placement in the level 
scheme have been denoted with a "PP". Specifically, they are: 
	
90.104 (1983, 2089) 
	
684.654 (2177, 2392) 
163.137 (1656, 2002) 1208.304 (2425, 2484) 
226.982 (2210, 2188) 
	
1218.677 (2336, 2411) 
259.209 (2210, 2348) 1333.44 (2451, 2526) 
348.944 (2002, 2188) 
	
1441.41 (2262, 2337) 
389.804 (2108, 2238) 1515.98 (2337, 2411) 
424.329 (1828, 2185) 
	
1576.58 (1656, 2769) 
472.218 (2365.1, 2474) 1651.49 (1915, 2547) 
640.567 (2133, 2348) 
	
1656.84 (1736, 2478) 
In the three cases where two distinct energy levels fall within the 
same 1 keV energy interval, an extra decimal entry after the decimal 
point is given for clarity: [1541.5, 1541.7 key; 1820.1, 1820.4 keV 
2365.1, 2365.3 keV]. 
C Contaminant peaks from the 168Er(n,fl169Er reaction (Mulligan et al. 
1970). 
d Contaminant peaks from the 166Er(n,1) 167Er reaction (Koch 1965). 
e Beyond this entry, energy determination derives from Ge(Li) and 
conversion electron measurements. 
Unresolved doublet; Composite 1-ray intensity quoted. 
g Unresolved doublet. 1-ray intensity inferred from electron spectrum 
and known multipolarity of one member. 
h Beyond this entry., transition energies derive from electron conversion 
measurements only. Energy resolution in 1-ray spectrum insufficient to 
allow sensible determination of intensities of 1-rays. 
TABLE 
Results of conversion electron 
167 	- 	168 
	
Er(n,e ) Er reaction 
2 
measurements following the 
for thermal neutrons. 
Transition Electron Convers ion   Deduced  Transition Electron Convers ion   Deduced  
Energy a Shell Coefficient Multipolarity.  a Energy Shell Coefficient Multipolarity 
73.784 L1/L3 = 16.(5) Ml + 1.3% E2 102.659 Ll/L2 = 0.4(1) MI + E2 
L1/L3 = 1.9(6) 
74.626 L1/L3 = 0.20(2) E2 + 33% Ml 
111.068 K = 1.5(4) Ml 
79.804 L1/L3 = 0.0859(6) E2 
L2/L3 = 0.963(3) 112.139 K = 2.0(3) Ml + E2 
L2 = 0.18(9) 
83.138 K 1.8(3) E2 
118.437 L1/L2 = 0.25(2) E2 
84.096 K < 0.65 El L1/L3 = 0.23(2) 
• 	84.630 K < 1.6 El, E2 122.821 L1/L3 = 0.57(4) E2 + 29% Ml 
L1/L2 = 0.51(10) 
88.392 K = 2.3(4) Ml + E2 
• 123.174 L1/L2 = 5.8(4) Ml + E2 
90.142 K = 2.6(6) Ml L1/L3= 11.7(14) 
92.652 K = 2.8(3) Ml 	• • 130.675 Li = 0.30(15) Mi 
L1/L2 = 6(3) 
137.494 L1/L2 = 0.5(2) E2 
98.982 K = 1.00(8) E2 L1/L3 = 0.5(2) 
• L3 = 0.67(7) 
137.974 L2 = 0.15(5) E2 
99.289 K = 0.30(5) El 	• L3 = 0.15(5) 
L3 = 0.0090(15) 
146.331 L1/L2 = 0.64(10) E2 + 22% Ml 272.876 Li = 0.13(3) HZ L1/L3 = 0.70(10) L2 = 0.019(5) 
• 
146.420 L1/L2 > 15 Mi 
L3 = 0.02(1) 
154.884 K = 0.36(12) E2 
284.655 K = 0.059(5) E2 
-Li = 0.0069(7) 





173.577 K = 0.28(5) E2 286.509 K = 0.138(14) Mi 
184.285 L1/L3 = 0.667(5) E2 
0.021(3) Li = 
L2/L3 = 1.272(8) 293.523 K = 0.077(15) MI + E2 
185.797 K = 0.2(1) E2 294.390 K = 0.056(5) E2 
198.241 K = 0.046(6) • 	 El 
Li = 0.0048(10) 
205.710 K = 0.18(4) E2 
315.383 K = 0.040(6) E2 
Li = 0.0065(15) 
207•808d K = 0.43(7) E3 
0.0063(15) L2 = 
212.720 K = 0.24(5) Ml 
344.954 K = 0.044(7) Ml + E2 
217.422 K = 0.16(4) E2 
348.523 K = 0.034(4) E2 
221.'775 Ll/L2 = 0.74(7) E2 
349.229 K = 0.075(10) Mi 
L1/L3 = 0.80(8) 351.970 • K = 0.085(15) Mi 
255.436 Li = 0.25(3) Mi 352.900 1< = 0.055(7) Ml + E2 
255.929 
- 
• Li/L2 = 0.93(10) E2 
Li = 0.009(3) 
L1/L3 = 1.91(40) 
• 360.599 K = 0.043(14) E2 
269.161 -  Li/L2 = 1.01(8) E2 361.834 K = 0.075(18) Mi L1/L2 = 1.90(20) 
362.547 K = 0.011(5) El 
365.763 K = 0.057(8) Ml 
Li = 0.010(2) 
370.170 K = 0.061(8) Ml 
Li = 0.006(2) 
371.173 K = 0.060(7) Ml 
Li = 0.010(2) 
379.545 K = 0.0255(20) E2 
Li 0.004(1) 
379.954 K = 0.075(15) Ml 
381.349 K = 0.064(15) Ml 
382.346 K = 0.059(15) Ml 
383.366 K = 0.006(2) El 
383.875 K = 0.060(7) Mi 
Li = 0.010(2) 
396.530 K = 0.051(4) Ml 
Ll = 0.009(2) 
416.352 K = 0.028(4) Ml + E2 
422.318 K = 0.0430(3) Ml 
Li 0.0063(8) 
L2 = 0.0006(3) 
429.779 K= 0.0427(30) Ml 
436.672 K = 0.054(15) Mi 
447.515 K = 0.036(3) Mi 
Li = 0.006(1) 
L2 = 0.0006(2) 
450.048 K = 0.047(10) Mi 
457.664 K = 0.036(3) Mi 
Li = 0.0053(6) 
458.910 K = 0.048(12) Mi 
461.739 K = 0.034(4) Ml 
469.168 K = 0.015(6) E2 
474.004 K = 0.036(3) Ml 
Li = 0.0043(4) 
481.239 K = 0.034(4) Ml 
497.768 X = 0.0055(8) El 
Li = 0.0009(3) 
499.233 K = 0.022(5) Ml + E2 
504.644 K = 0.033(5) Ml 
515.303 K = 0.011(3) E2 
521.303 K = 0.019(4) Ml + E2 
527.884' K= 0.0044(6) El 
533.202 K = 0.026(3) Ml 
538.683 K = 0.0092(20) E2 
542.939 K = 0.029(4) Mi 
543.667 K = 0.0044(6) El 
Li = 0.0008(3) 
546•802e 
K = 0.0037(6) El 
546•960e 
K 0.0039 El, 
547.805 K = 0.020(3) Ml 
Li = 0.0023(5) 
556.571 K = 0.006(2) El 
559.510 K = 0.0045(4) El 
Li = 0.0005(1) 
568.821 K = 0.010(1) E2 
Li = 0.0016(3) 
L2 = 0.0004(1) 
580.176 K = 0.020(3) Ml 
582.567 K = 0.0039(4) El 
585.066 K = 0.020(2) ' Ml 
Li = 0.005(1) 
589.913 K = 0.012(3) E2 
601.603 K = 0.0027(4) El 
Li = 0.0005(1) 
613.951 K = 0.018(2) Ml 
Li = 0.0032(6) 
616.827 K = 0.021(4) Mi 
619.990 K = 0.0157(20) Mi 
Li = 0.0024(4), 
622.059 , 	 K = 0.011(3) E2 
626.086 K = 0.024(4) 	. Ml 
631.703 K = 0.0075(5) E2 
Li = 0.0011(2) 
L2 = 0.00032(6) 
L3 = 0.00013(3) 
638.710 K = 0.0033(6) El 
643.181 K = 0.0024(4) El 
644.277 K = 0.0025(5) El 
645775e 
K = 0.0023(5) El 
645.939 K 0.00276 	' El 
647.344 K = 0.0096(30) E2 
651.036 , 	 K = 0.015(5) Mi 
660.854 K = ' 0.012(4) Mi 
61.523 = 0.013(4) 
669.221 K = 0.015(3) 
671.589 .K = 0.017(3) 
673.666 K = 0.0025(3) 
675.960 K = 0.0078(18) 
679.180 K = 0.010(3) 
690.494 K = 0.014(3) 
699.921 K = 0.012(2) 
702•576e K = 0.0028(6) 
7.02914e K 0.00223 
712.079 K = 0.016(2) 
713.257 K = 0.0030(7) 
715.163 K = 0.0065(15) 
719.550 K = 0.0026(4) 
720.392 K = 0.0024(4) 
724.432 K = 0.0025(7) 
730.660 K = 0.0053(3) 
Li = 0.00078(9) 
L2 = 0.00018(3) 
Ni 733.231 K = 0.020(5) Ml 
Ml 737.686 K = 0.0022(4) El 
Ml 741.356 K = 0.00502(30) E2 
Li = 0.00069(9) 
El L2 = 0.00007(2) 
E2 745.293 K= 0.0031(10) El, E2 
Ml, E2 748.281 K = 0.0023(3) El 
Ll = 0.0005(2) 
Ml 
757.839 K = 0.0083(20) Mi 
Ml 
790.001 1< = 0.0099(9) Ml 
El Li = 0.0011(2) 
El 795.045 K = 0.0043(7) E2 
Ml 798.890 K = 0.0087(7) Ml 
El 807.298 K = 0.0105(20) Ml 
Li = 0.0015(3) 
E2 
808.910 K = 0.0100(20) Mi 
El Li = 0.0015(3) 
El 811.043 K = 0.0091(25) Ml 
Li = 0.0012(4) 
El 
815.990 K = 0.00414(15) E2 
E2 Li = 0.00058(3) 
L2 0.000092(8) 
L3 = 0.000053(5) 
821.164 K = 0.00425(25) 
Li = 0.00051(8) 
L2 = 0.00011(2) 
823.386 K = 0.00165(30) 
825.729 K = 0.0016(3) 
829.958 K = 0.00155(30) 
Li = 0.00026(6) 
833.294 K = 0.0014(3) 
840.890 K = 0.0036(6) 
644.614 K = 0009(2) 
853.473 K = 0.00404(25) 
Li = 0.00056(6) 
L2 = 0.00009(2) 
L3 = 0.00007(2) 
862.355 K = 0.0041(7) 
Li = 0.00065(9) 
884.219 K = 0.0050(7) 
889.006 K = 0.012(3) 
898.315 K = 0.0066(9) 
907.927 K = 0.0080(12) 
E2 914.944 K = 0.0033(3) E2 
Li = 0.00045(3) 
L2 = 0.000076(12) 
L3 = 0.00005(2) 
El 
920.783 K = 0.0031(4) E2 
El 
925.762 K = 0.0076(10) Mi 
El 
928.935 K = 0.0014(2) El 
Li = 0.00018(3) 
El 
932.269 K = 0.0015(5) El 
E2 
943.892 K = 0.0070(6) Ml 
Ml 
952.611 K = 0.0048(10) Ml + E2 
E2 
955.339 K = 0.0055(7) Ml 
- Li = 0.0007(1) 
961.875 K = 0.0014(3) El 
E2 
965.937 K = 0.0053(10) Ml 
Ml + E2 976.498 K = 0.0015(4) El 
Ml 979.996 K = 0.0010(3) El 
Ml 991.388 K = 0.0032(5) E2 
Ml 997.245 K = 0.00256(34) E2 
999.827 K = 0.0027(2) 
Li = 0.0003(1) 
1006.912 K = 0.0016(4) 
1007.571 K = 0.0055(7) 
1009.675 K = 0.0027(5) 
1012.190 K = 0.0027(3) 
Li = 0.0004(1) 
1014.111 K = 0.011(2) 
1025.377 K = 0.0010(2) 
1034.488 K = 0.0023(4) 
1036.383 K = 0.0024(8) 
1054.297 .K = 0.0035(5) 
1056.751 K = 0.0028(6) 
1062.701 K = 0.0037(7) 
1068.079 K = 0.0041(7) 
1076.524 K = 0.0008(3) 
1090.823 K = 0.0025(7) 
1094.43 K = 0.0016(3) 
1105.260 K = 0.0011(2) 
E2 1107.495 K = 0.0019(3) E2 
1112.409 K = 0.0030(5) Ml + E2 
El 
1137.357 K = 0.0026(5) E2 
Mi 
1144.112 K = 0.00085(20) El 
E2 
1146.998 K = 0.0047(8) Ml 
E2 
1155.564 K = 0.0053(9) Ml 
112 1159.185 K = 0.0017(3) E2 
El 1160.077 K = 0.0023(4) E2 
E2 1165.653 K = 0.0043(6) Ml 
E2 1167.396 K = 0.00090(10) El 
Li = 0.00009(2) 
Ml + E2 
1172.300 K = 0.0036(7) Mi 
E2 
1173.557 K = 0.0009(2) El 
Ml + E2 
1174.557 K = 0.0024(4) E2 
Mi 
1176.424 K = 0.0039(5) Ml 
El 
1180.868 K = 0.0008(3) El 
E2 
1185.480 K = 0.0009(3) El 
El, E2 
1196.513 K = 0.0038(4) Ml 
El Li = 0.00045(8) 
1199.610 K= 0.0024(5) E2 
1201.757 K = 0.0011(3) El 
1212.045 K = 0.00085(15) El 
1229. 080 K = 0.0019(4) E2 
1234.760 K = 0.0019(4) E2 
1243.072 K = 0.0029(5) Ml 
1246.697 K < 0.0012 El, E2 
1259.270 K = 0.0015(3) E2 
1260.090 K = 0.0011(2) El, E2 
1271.129 K = 0.0026(4) Ml 
1273.738 K = 0.0017(3) E2 
1274.533 K = 0.0013(5) El, E2 
1276.268 K = 0.0016(3) E2 
1277.592 K = 0.0008(1) El 
1279.127 	' K = 0.0007(2) El 
1281.034 K = 0.0033(5) Ml 
1284.08 K = 0.0020(7) Ml, E2 
1292.657 K = 0.0015(4) E2 
1294.053 K = 0.00065(15) El 
1310.030 K = 0.0007(1) El 
Li = 0.00009(1) 
1323.913 K = 0.0009(2) El 
1331.324 K = 0.0016(2) E2 
Li = 0.00022(3) 
1342.436 K = 0.0020(5) E2 
1351.542 K = 0.0008(2) El 
1352.532 K = 0.0020(3) E2 
1353.784 K = 0.0019(3) E2 
1372.051 K = 0.0031(3) MI 
1392.209 K = 0.0026(3) Ml 
Li = 0.0004(1) 
1406.93 K = 0.0009(5) El, E2 
1407.67 K = 0.0007(4) El, E2 
1413.317 	. K = 0.0024(3) Mi 
1417.053 K = 0.0022(4) Ml 
1432.64 K = 0.0017(4) E2 
1433.74 K . = 0.0013(4) E2 1644.45 K = 0.0013(3) E2 
1441.41 K = 0.0005(3) El 1649.77 K = 0.00045(7) El 
1484.46 K = 0.0006(3) El 1651.49 K = 0.0023(5) Ml 
1486.78 K = 0.0011(3) El, E2 1656.84 K = 0.00078(9) El, E2 
1491.17 K = 0.0010(2) El, E2 1658.76 K = 0.00167(25) Ml 
1493.09 K = 0.0014(3) E2 1665.74 K = 0.00153(25) Ml 
1496.76 K = 0.0013(4) El, E2 1672.84 K = 0.0006(2) El 
1506.49 K = 0.00055(20) El 1675.49 K = 0.00075(20) El, E2 
1515.98 K = 0.00051(7) El 1683.28 K = 0.0017(3) Ml 
1518.95 K = 0.0007(3) El 1697.86 K = 0.0015(3) Ml 
1524.18 K = 0.00044(8) El 1706.37 K = 0.00050(7) El 
1534.05 K = 0.00051(8) El 1730.89 K = 0.0011(2) E2 
1556.84 K = 0.00035(10) El 1738.34 K= 0.0010(2) E2 
1569.30 K = 0.0009(2) El, E2 1745.58 K= 0.00097(15) E2 
1576.58 K = 0.0012(3) El ) E2 1750.21 K = 0.00085(20) E2 
1580.72 K = 0.00047(7) El 1753.73 K = 0.0008(2) E2 
1617.75 K = 0.0006(2) El 1758.47 K = 0.0007(2) El, E2 
1636.60 K = 0.0005(2) El 1765.02 K = 0.0012(2) E2 
1766.99 K = 0.0017(3) Ml 
Li = 0.00023(5) 
1768.49 K.= 0.0010(2) E2 
1786.20 K = 0.0006(1). El 
1813.29 K = 0.0019(4) Ml 
1816.34 K = 0.0015(4) Ml 
1833.43! K E 0.0005 El 
K = 0.0005(1) El 
1835.68 K = 0.0010(2) E2 
1848.31 K = 0.0008(2) E2 
1850.46 K = 0.0008(2) E2 
1865.10 K = 0.0004(1) El 
1875.69 K = 0.0004(1) El 
1883.47 K = 0.0010(2) Ml, E2 
1885.71 K = 0.0013(3) Ml 
1892.63 K = 0.0006(2) El, E2 
1907.84 K = 0.0008(2) E2 
1914.97 K = 0.0008(1) E2 
K 0.0004 
1922•64e K 0.0010(2) 
1924.36 K = 0.0007(1) 
1928.21 K = 0.00061(15) 
1930.49 K 
1933.39 K > 0.002 
1936.40 	- K= 0.0005(1) 
1938.69 K = 0.0006(2) 
1942.69 K = 0.00044(6) 
1948.73 K = 0.0014(5) 
1970.09 K = 0.00089(15) 
1979.36 K = 0.00067(10) 
2029.78 K = 0.00061(22) 
2034.85 K = 0.00046(15) 
2047.03 K = 0.00065(10) 
2057.20 - K = 0.0011(3) 
2068.07 K = 0.0006(2) 




















2159.15 	K = 0.00053(13) 	El, E2 	 2170.49 	K = 0.00052(13) 	El, E2 
2163.44 	K = 0.00057(13) 	El, E2 	 2203.65 	K = 0.00055(13) 	El, E2 
a Below 1400 keV energies derive from curved crystal measurements. Above 1400 keV energies derive from 
Ge(Li) and conversion electron measurements. 
b K denotes eK; Li denotes aLl, etc; L1/L2 denotes ratios of Li to L2 conversion coefficient intensities, 
etc. 
C 
Deduced from the present data from consideration of all conversion coefficients and subshel]. ratios. 
The notation Ml indicates that the experimental result is consistent with pure Ml multipolarity. 
However, a possible E2 admixture cannot be ruled out. Similarly the notation E2 does not rule out a 
possible Ml component but indicates that the transition is predominantly E2. The notation Ml, E2 or El, 
E2 indicates that the result is consistent with either pure multipolarity or in the former case with any 
mixture of the two. The notation Ml + E2 indicates that the result is not consistent with either pure 
multipolarity and therefore that the transition is mixed. 
d Impurity 167Er. 
e Unresolved doublet in electron spectrum. One member defined-to be El from known placement in level 
scheme. Conversion coefficient for other member deduced using theoretical conversion coefficient for 
the member defined to be El. 
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TABLE 3 
THE K' = O BAND 
Initial State De-exciting transition Final State 
energy I,K hI 1-ray 1-ray energy I,K 
energy intensity 
(keV) (keV) (keV) 
79.804(1) 2,0 79.804 1100. 0 
264.088(1) 4,0 184.285 3940. 79 2,0k 
548.746(2) 6,0k 284.655 1010. 264 4,0 
928.301(3) 8,0 379.545 30.6 548 6,0k 
1396.824(5) 	10 ) 0k 	468.529 	 0.50 	 928 	8,0 
	




THE K = 2 BAND 
Initial State 	 De-exciting transition 	Final State 
energy 	I,K 	1-ray 	1-ray 	energy 	I,KW 
energy intensity 
(keV) 	 (keV) 	 . 	 (keV) 
821.167(2) 2,2k 821.164 443. 0 0,0k 
741.356 491. 79 2,O 
557.079 8.0 264 4,0k 
895.793(2) . 3,2k 815.990 3000. 	. 79 2,0k 
631.703 538. 264 4,O 
74.626 1.1 821 2,2k 
994.746(2) 4,2 914.944 503. 79 2,0k 
730.660 831. 264 4,0k 
445.995 9.7 548 6,O 
173.577 7.8 821 2,2k 
1117.568(2) 5,2 853.473 518. 264 4,0k 
568.821 85. 548 6,O 
221.775 21.3 895 3,2 
122.821 1.9 994 4,2k 
1263.902(2) 6,2k 999.827 75, 264 4,0 
715.163 121. 548 6,O 
335.589 0.98 928 8,O 
269.161 23.9 994 4,2k 
146.331 1.0 	. 1117 5,2k 
1432.948(2) .7,2k 884.219 24.9 548 6,0 
504.644 4.1 928 8,0k 
315.383 11.8 1117 5,2k 
169.043 0.31 1263 6,2k 
1624.504(4) 8,2k 1075.640 5.9 548 	. 6,O 
696.132 	. 1.9 928 8,0k 
227.705 0.23 1396 10,0k 
360.599 1.4 - 	 1263 6,2k 
191.555 0.08 1432 7,2k 
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TABLE 5 
THE KM = 4j BAND 
.Initial State De-exciting transition Final State 
energy I,KM 1-ray 1-ray energy I,KM 
energy intensity 
(keV) 	- (keV) (keV) 
1094.036(2) 4,4 1014.111 7.0 79 2,0k 
829.958 286. 264 4,O 
272.876 3.8 821 2,2k 
198.241 2240. 895 3,2k 
99.289 155. 994 4,2k 
1193.023(2) 5,4 .928.935 110. 264 4,0k 
644.277 21.8 548 6,0k 
.75.466 0.55 1117 5,2k 
98.982 198. 1094 4,4 
1311.458(2) 6,4 762.751 0.9 548 6,0k 
• 	193.888 3.3 1117 5 9 2k . 
217.422 192. 1094 4,4 
118.437 51. 1193 5,4 
1448.953(2) 7,4 900.206 	. 6.4 548 6,0k 
520.667 0.81 928 8,0 
• 185.056 0.37 1263 6,2k 
255.929 51. 1193 5,4 
• 137.494 	• 5.9 1311 6,4 
1605.848(2) 8,4 294.390 . 	 6.7 1311 6,4 
156.884 	• 0.33 1448 7,4 
) 



















I,K ff  
1217.152(14) 0,0 1137.357 11.5 79 2,0k 
1276.269(2) 2,0k 1276.268 52. o 0,o 
1196.513 52. 79 2,0k 
1012.190 99. 264 4;O 
455.096 5.2 821 2,2k 
380.479 2.6 895 3,2k 
1411.093(2) 4,0 1331.324 112. 79 2,O 
1146.998 74. 264 4,0 
862.355 72. 548 6,0 
589.913 3.0 821 2,2k 
515.303 18.7 895 3,2k 
416.352 13.1 994 4,2k 
293.523 1.0 1117 5,2k 
134.824 6.6 1276 2,0k 
1616.803(2) 6,0 1352.532 21. 264 4,0k 
1068.079 44. 548 6,0k 
688.538 3.5 928 
622.059 3.1 994 4,2k 
• 	499.233 6.7 1117 5,2k 
• 352.900 
• 
3.4 1263 6,2k 
205.710 11.7 1411 4,0 




THE Kw = 	BAND 
Initial State De-exciting transition Final State 
energy 1-ray 1-ray energy I,K' 
energy intensity 
(keV) (keV) (keV) 
1358.895(5) 1,1 1358.904 29. 0 0,0k 
1279.127  79 20k 
537.761 0.73 82]. 2,
,
2k 
1403.732(2) 2,1 1323.913 124. 79 2,0 
582.567 37. 821 2,2k 
507.936 3.7 895 3,2k 
1431.462(4) 3,1 1351.542 133. 79 2,0k 
1167.396 130. 264 4,0 
535.642 0.46 895 3,2k 
1541.706(2) 4,1 1277.592 157. 264 4,0 
645.939 24. 895 3,2k 
546.960 39.8 994 4,2k 
137.974 2.2 1403 2,1 
110.245 0.44 1431 3,1 
1574.113(3) 5,1 1310.030 123. 264 4,0k 
1025.377  548 6,0k 
1760.756(3) 6,1 1212.045 32. 548 6,0k 
643.181 11.4 1117 5,2k 
496.858 3.7 1263 6,2k 
219.050 5.4 1541.7 4,1 
186.644 0.45 1574 5,1 
1795.323(11) 7,1 1246.697 8.5 548 6,0k 
867.014 7.5 928 8,0k 




THE Kw = 0 BAND 
Initial State De-exciting transition Final State 
energy , 	 I,K 1-ray 1-ray energy I,K 11 
energy intensity 
(keV) (keV) (keV) 
1422.096(24) 0,0k 1342.436 24. 79 2,0k 
1493.135(4) 2,0k 1493.090 10'. 0 0,0k 
1413.317 38. 79 2,0k 
1229.080 41. 264 4,0k 
671.961 2.8 821 2,2k 
597.327 2.3 895 3,2k 
498;456 0.6 994 4,2k 
1656.273(4) 4,0k 157658a 6. 79 2,0k 
1392.209 98. 264 4,0k 
1107.495 36. 	' 548 6,0k 
835.14 2.0 821 2 3 2k 
760.541 1.2 895 32k ,  
661.523 2.4 994 4,2k 
538.683 1.4 1117 5,2k 
0.74 	1493 	20 
1902.695(5) 	6,0k 	1353.784 	43. 	 548 	6,0k 
	
974.417 3.7 928 8,0k 
246.422 	1.2 	 1656 	4,0k 
a)Double placement: transition may deexcite 2769 keV level; composite 
1-ray intensity quoted. 
b)Doubl e placement: transition may deexcite 2002 keV level; composite 
1-ray intensity quoted. 




THE K 1'3BAND 
Initial State De-exciting transition Final State 
energy I,K 1-ray 1-ray energy I,K 
energy intensity 
(keV) (keV) (keV) 
1541.554(2) 3,3 154146a 5• 0 0,O 
720.392 110. 821 2,2k 
645.773 35. 895 3,2k 
546.802 22.7 994 4,2k 
447.515 223. 1094 4,4 
348.523 3.8 1193 5,4W 
1615.339(2) 4,3 719.550 78. 895 3,2k 
620.590 3.9 994 4,2k 
497.768 19.1 1117 5,2k 
321.303 13.6 1094 4,4 
422.318 116. 1193 5,4 
303.878 0.99 1311 6,4 
73.784 3.9 1541.5 3,3 
1707.990(2) 5,3 713.257 43.6 994 4,2k 
590.415 1.5 1117 5,2k 
444.086 5.5 1263 6,2k 
613.951 7.7 1094 4,4 
514.970 8.7 1193 5,4W 
396.530 52.8 1311 6,4 
259.034 0.24 1448 7,4 
166.434 1.5 1541.5 3,3 
92.652 6.7 1615 4,3W 
1820.129(2) 	6,3 	 702.576 8.6 1117 5,2k 
387.191 1.3 1432 7,2k 
726.161 0.7 1094 4,4 
627.104 5.5 1193 5,4 
508.679 2.4 1311 6,4 
371.173 16.7 1448 7,4 
204.790 1.9 1615 4,3 
112.139 4.9 1707 5,3 
1950.804(2) 	7,3 	 639.236 3.8 1311 
344.954 2.2 1605 8,4 
242.811 0.81 1707 5,3 
130.675 1.0 1820.1 6,3 
a)E3 transition to ground state (Meyer et al., 1987) 
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TABLE 10 
THE K" = 2 BAND 
Initial State 	 De-exciting transition 	Final State 
	
energy 	1,K" 	1-ray 	1-ray 	energy 
energy intensity 
(keV) 	 (keV) 	 (keV) 
1569.451(3) 2,2 1489.470 5. 79 2,0k 
748.281 86. 821 2,2k 
673.666 38. 895 3,2k 
1633.465(2) 3,2 812.287 69. 821 2,2k 
737.686 82. 895 3,2k 
638.710 55. 994 4,2k 
1719.177(2) 4,2 823.386 85. 895 3,2k 
724.432 32.8 994 4,2k 
601.603 57. 1117 5,2k 
1820.473(3) 5,2 825.729 60. 994 4,2k 
702.914 12.8 1117 5,2k 
556.571 24. 1263 6,2k 
187.013 0.16 1633, 3,2 
1949.633(3) 6,2 832.049 20.. 1117 5,2 
685.760 2.8 1263 6,2k 
5i6.683 7.3 1432 7,2k 
230.461 0.18 1719 4,2 




THE K = 3 BAND 
Initial State De-exciting transition Final State 
energy 	I,K 1-ray 1-ray energy I,K 
energy intensity 
(keV) (keV) (keV) 
1653.545(2) 	3,3k 832.362 16. 821 22k 
757.839 1.5 895 3,
,
? 
559.510 158.- 1094 4,4 
249.809 0.41 1403 2,1 
111.985 0.11 1541.5 3,3 
84.096 1.1 1569 2,2 
1736.684(2) 	4,3+ 	1656•840a  79 2,0k 
1472.810  264 4,0k 
840.890 1.5 895 3,2 + 
642.629 2.4 1094 4,4 
543.667 135. 1193 5,4 
305.219 0.62 1431 
194.992 0.12 1541.7 4,1 
103.228 1.2 1633 3,2 
83.138 2.1 1653 3,3k 
1839.343(2) 5,3k 1575.110 5. 264 4,0k 
844.614 6.6 994 4,2 + 
721.708 2.8 1117 5,2 + 
745.293 5.7 1094 4,4 
527.884 64.4 1311 6,4 
297.640 0.50 1541.7 4,1 
265.233 0.13 1574 5,1 
185.797 2.7 1653 3,3k 
102.659 2.3 1736 43 
120.170 0.77 1719 4,2 
1961.395(2) 6,3k 843.827 - 1.3 1117 5,? 
336.881 0.49 1624 8,? 
768.368 4.9 1193 5,4 
512.441 13.9 1448 7,4 
224.712 2.8 1736 4,3k 
122.049 1.0 1839 53 
140.929 0.16 1820.4 5,2 
2100.356(3) 7,3k 494.480 1.8 1605 8,4 
261.017 0.81 1839 5,3k 
138.956 0.16 1961 6,3k 
placement: transition may deexcite 2478 keV level; composite 
1-ray intensity quoted. 




THE K = 6 BAND 
Initial State De-exciting transition Final State 
energy I,K 1-ray 1-ray energy 
energy intensity 
(keV) (keV) (keV) 








461.739 13.7 1311 6,4 
324.256 0.52 1448 7,4 
1896.376(3) 7,6 123.174 5.2 1773 6,6 




THE K' = 0 BAND 
Initial 9tate 	 De-exciting transition 	Final State 
	
energy 	I,K 	1-ray 	1-ray 	energy 	I,Kff  
energy intensity 
(keV) 	 (keV) 	- 	 (keV) 
1786.109(11) 	1,0 1786.20 9.0 0 0,0k 
1706.37 26. 79 2,O 
1913.897(6) 	3,0 1834.05 40. 79 2,0k 
1649.77 50. 264 4,O 
1018.33 2.1 895 3,2k 
2129.248(17) 	5,0 1865.10 40. • 	264 4,0k 
1580.72 38. 548 6,O 
865.329 6.5 1263 6,2k 
215.354 0.10 1913 3,0 
0 




THE K = 3 BAND 
Initial State De-exciting transition Final State 
energy 	I,K 1-ray 1-ray energy I,Kff  
energy intensity 
(keV) (keV) (keV) 
1828.061(2)) 	33 1006.912 11.7 821 2,2k 
932.269 51. 895 3,2k 
833.294 32. 994 4,2k 
469.168 6.7 1358 1,l 
424329a 3•4 1403 2,1 
286.509 11.6 1541.5 3,3 
212.720 1.3 1615 4,3W 
1892.931(2) 4,3 775.378 2.0 1117 5,2k 
798.890 160. 1094 4,4 
699.921 12.2 1193 5,4 
277.589 0.73 1615 4,3W 
1983.036(2) 5,3 719.170 1.2 1263 6,2k 
889.006 5.7 1094 4,4 
790.001 53. 1193 5,4 
671.589 6.0 1311 6,4 
275.046 0.42 1707 5,3 
90•104b 9.22 1892 4,3 
2091.269(5) 6,3 973.695 3.8 1117 5,2k 
658.393 1.7 1432 7,2k 
898.315 6.0 1193 5,4 
779.806 13.9 1311 6,4 
642.324 2.4 1448 7,4 
140.457 0.16 1950 7,3W 
2210.014(5) 	7,3 	 761.112 	2.1 	 1448 	7,4 259.209c 0.21 1950 7,3 
226.982' 	0.11 	1983 	5,3- 
a)Double placement: transition may deexcite 2185 keV level; composite 
1-ray intensity quoted. 
b)Double placement: transition may deexcite 2089 keV level; composite 
1-ray intensity quoted. 
C) Double placement: transition may deexcite 2348 keV level; composite 
1-ray intensity quoted. 
d)Doubl e placement: transition may deexcite 2188 keV level: composite 
1-ray intensity quoted. 
NRC Report PIRS-0288 	 . 	 35 
TABLE 15 
THE K11  OZ BAND 
Initial State De-exiting transition Final State 
energy I,K O 1-ray 1-ray energy I,K" 
energy intensity 
(keV) (keV) (keV) 
1833.53(11) 00 1753.73 11.0 79 2,0k 
1893.093(5) 2,0 1813.29 27.0 79 2,0k 
1071.74 1.7 821 2,2k 
997.245 4.2 895 3,2k 
675.960 1.0 1217 0,0k 
616.827 7.2 .1276 2,0k 
2031.084(8) 	4,0k 	1950.94 6.0 79 2,0 
1766.99 42.0 264 4,0k 
1135.39 2.1 895 3,2 
1036.38 3.4 994 4,2k 
619.990 19.1 1411 4,0k 
2246.526(9) 	6,0k 	1697.86 12.0 548 6,0k 
982.644 2.4 1263 6,2k 
813.460 5.4 1432 7,2 
629.724 6.5 1616 6,0k 
0 




THE K = 4 BAND 
Initial State 
0 	
De-exciting transition Final State 
energy 	I,KTT 1-ray. 1-ray energy 
energy intensity 
(keV) (keV) (keV) 
1848.357(3) 	2,2 1848.31 24. 0 0,0k 
1768.49 22. 79 2,0. + 
1027.112 4.1 821 2,2k 
952.611 7.8 895 3,2k 
572.068 1.1 1276 2,0k 
355.215 0.48 1493 2,0 k 
278.860 0.21 1569 2,2 
214.865 0.16 1633 3,2 
194.821 0.15 1653 3,3k 
1915.504(4) 	3,2k 1835.68 58. 79 2,0k 
7 1 . 264 4,0 k 
1094.43 12. . 821 2,2k 
1019.568 5.3 895 3,2k 
920.783 14.5 994 4,2k 
797.936 2.0 1117 5,2k 
346.054 0.44 1569 2,2 
282.043 0.20 1633 . 3,2 
178.829 0.16 1736 4,3k 
2002.476(3) 	4,2k 1922.64 27. 79 2,0k 
1738.34 38. 264 4,0k 
1106.650 7. 895 3,2 
1007.571 7.5 994 4,2k 
591.402 2.0 1411 4,0k 
346.197 0.56 1656 4,0 k 
369.006 0.90 1633 3,2 
348•944b 0.35 1653 33 
163.137c 0.74 1839 53 
154.120 0.17 1848 2,2k 
2108.992(3) 	5,2k 1844.75 24. 264 4,0k 
1560.16 22. 548 6,0k 
991.388 8.8 1117 5,2k 
389•804d 0.46 1719 4,2 
288.497 0.62 1820.4 5,2 
147.583 0.07 1961 6,3k 
193.502 0.37 1915 
106.524 0.33 2002 4,2k 
a)Double placement: 	transition may deexcite 2547 keV level; composite 
1-ray intensity quoted. . 
• 	b)Double  placement: 	transition may deexcite 2188 keV level; composite 
1-ray intensity quoted. 
C)Doubl e  placement: 	transition may deexcite 1656 keV level; composite 
• 	 1-ray intensity quoted. 
d)DOUbl e  placement: 	transition may deexcite 2238 keV level; composite 
1-ray. intensity quoted. 




THE K = 4 BAND 
Initial State De-exciting transition Final State 
energy 	I,K 1-ray 1-ray energy 
energy intensity 
(keV) (keV) (keV) 
1905.087(2) 	4,4 811.043 115. 1094 4,4 
712.079 6.9 1193 5,4 
363.540 0.36 1541.5 3 2 3 
289.722 0.16 1615 4,3 
2001.949(3) 	5,4 	907.927. 9.4 1094 4,4 
808.910 52.0 1193 5,4 
690.494 6.0 1311 6,4 
2118.787(4) 	6,4 	925.762. 5.1 1193 5,4 
807.298 17.5 1311 6,4 
669.835 2.1 1448 7,4 




THE K' = 2 BAND 
Initial State De-exciting transition Final State 
energy 	I,KU 1-ray 1-ray energy I,K 
energy intensity 
(keV) (keV) (keV) 
1930.387(4) 	2,2 1930.49  0 0,0k 
1850.46 22. 79 2,0k 
1109.36 3.9 821 2,2k 
1034.488 4.6 895 3,2k 
276.843 0.59 1653 3,3k 
1994.818(3) 	3,2k 	1914.97 40. 79 2,0k 
1730.89  264 4,0k 
718.574 1.2 1276 2,O 
338.547 0.41 1656 4,0k 
258.130 0.76 1736 4,3k 
146.472 0.44 1848 2,2k 
2080.452(3) 	4,2k 	2000.56 12. 79 2,0k 
1816.34 22. 264 40 
1259.270 12. 821 2,2k 
986.403 6.0 1094 4,4 
669.344 2.0 1411 4,0k 
241.109 0.43 1839 5,3k 
150.083 0.05 1930 2,2k 
2188.363(7) 	5,2k 	1924.36 22.0 264 4,0k 
1639.73 7.0 548 6,0k 
1292.657 10.6 895 3,2k 
995.306 8.0 1193 5,4 
534.793 0.78 1653 33 
451.675 0.24 1736 4,3k 
348.944" 0.35 1839 5,3k 
0.11 1961 6,3k 
367.904 0.46 1820.4 5,2 
a)Double placement: transition may deexcite2002 keV level; composite 
1-ray intensity quoted. 
b)Double placement: transition may deexcite 2210 keV level; composite 
1-ray intensity quoted. 
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TABLE 19 
THE K'1' = 1 BAND 
Initial State De-exciting transition Final State 
energy .I,K'1 1-ray 1-ray energy 
• energy intensity 
(keV) (keV) (keV) 
1936.586(9) 1,1 1936.40 30. 0 
577.690 0.52 1358 1,1 
150.480 0.09 1786 1,0-- 
1972.309(14) 2,1 1892.63 30. 79 2,0k 
• 1151.192 6.6 821 2,2k 
1076.524 19. 895 ' 3,2k 
430.731 0.12 1541.5 3,3 
2022.326(5) 3,1 1942.69 64. 79 2,0k 
1758.47 18. 264 4,0k 
480.619 3.5 1541.7 4,1 
236.216 0.14 1786 1,0 
2097.566(5) 4,1 1833.43 38. 264 4,0k 
1201.757 26. 895 3,2k 
1102.805 6.1 994 4,2k 
979.996 30. 1117 5,2' 
666.103 0.8 1431 3,1 
555.866 0.8 1541.7 4,1 
523.480 0.37 1574 5,1 
2185.086(5) 5,1 1921.11 28. 264 4,0k 
1636.60 12. 548 6,0k 
424•329a 3.4 1760 6,1 
271.189 0.46 	• 1913 3,0 
2303.062(15) 6,1 1185.480 16.4 1117 5,2k 
1038.734 3.4 1263 6,2k 
729.001 1.7 1574 5,1 
542.352 0.6 1760 6,1 
a)flouble placement: 	transition may deexcite the 1828keV level; 
composite 1-ray intensity quoted. 
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TABLE 20 
THE K' = 3 BAND 
Initial State De-exciting transition Final State 
energy 	I,K 1-ray 1-ray energy I,K" 
energy intensity 
(keV) (keV) (keV) 
1999.225(2) 	3,3 457.664 58.9 1541.5 3,3 
383.875 8.1 1615 4,3 
429.779 20.5 1569 2,2 
365.763 9.4 1633 3,2 
280.048 0.64 1719 4,2 
345.669 0.52 1653 33 
171.158 0.73 1828 3,3 
2089.343(2) 	4,3- 	547.805 18.4 1541.5 33 
474.004 20.1 1615 4,3 
381.349 4.9 1707 5,3 
455.899 8.5 1633 3,2 
370.170 6.4 1719 4,2 
268.880 0.49 1820.4 5,2 
196.409 0.33 1892 4,3 
90•104a 0.22 1999 3,3 
2200.416(2) 	5,3 	585.066 9.8 1615 4,3 
492.427 6.0 1707 5,3 
380.286 1.9 1820.1 6,3 
481.239 3.3 1719 4,2 
379.954 2.6 1820.4 5,2 
250.784 0.27 1949 6,2 
307.481 0.22 1892 4,3 
201.160 009 1999 
111.068 0.72 2089 4,3- 
2331.982(4) 	6,3 	 624.005 2.3 1707 5,3 
511.860 2.5 1820.1 6,3 
381.181 0.63 1950 7,3W 
511.504 1.6 1820.4 5,2 
382.346 0.81 1949 6,2 
131.566 0.55 2200 5,3 
a)Double placement: transition may deexcite 1983 keV level; composite 
1-ray intensity quoted. 




THE X = 4 BAND 
Initial State De-exciting transition Final State 
energy 	I,K' 1-ray 1-ray energy 
energy intensity 
(keV) (keV) (key) 
2055.901(5) 	4,4k 1234.760 30. 821 2,2k 
1160.077  895 3,2 
1061.128 6.9 994 4,2k 
938.215 1.5 1117 5,2k 
792.108 1.9 1263 6,2k 
961.875 35. 1094 4,4 
862.985 8. 1193 5,4 
2169.510(11) 	54 	1273.738  895 3,2k 
• 	 1174.557 7.6 994 4,2k 
- 	 1051.860 4.1 1117 5,2k 
905.298 0.9 1263 6,2k 
736.561 1.3 1432 7,2k 
976.498 11.0 1193 5,4 
858.063 3.7 1311 6,4 
2306.868(23) 	6,4k 	1042.354 2.2 1263 6,2k 
1113.839 7.6 1193 5,4 
995.420 8.0 1311 6,4 
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TABLE 22 
THE K = 4 BAND 
Initial State De-exciting transition Final State 
energy 	I,K 1-ray 1-ray energy I,Kff  
energy intensity 
(keV) (keV) (keV) 
2059.971(2) 	.4 3 4 965.937 65. 1094 4,4 
518.405 1.3 1541.5 3,3 
444.638 2.6 1615 4,3 
351.970 0.65 1707 5,3 
231.911 2.0 1828 3,3W 
167.040 2.9 1892 4,3 
154.884 2.4 1905 4,4 
2148.365(3) 	5,4 	1054.297 11.0 1094 4,4 
955.339 33. 1193 5,4 
440.391 1.4 1707 5,3 
255.436 3.2 1892 4,3 
165.326 0.62 1983 5,3 
146.420 2.0 2001 5,4 
88.392 0.51 2059 4,4 
2255.340(3) 	6,4 	943.892 5.5 1311 6,4 
272.306 1.1 1983 5,3 
253.387 0.15 2001 5,4W 
136.552 0.44 2118 6,4 
106.974 0.44 2148 5,4 
0 




THE Kw = 7 BAND 
Initial. State De-exciting transition Final State 
energy 	I,J( 1-ray 1-ray energy 
energy intensity 
(keV) (keV) (keV) 
2122.425(3) 	7,7 349.229 1.0 1773 6,6 
226.048 2.5 1896 7,6 
a 




THE X' = I BAND 
Initial State De-exciting transition Final State 
energy 	I,K' 1-ray 1-ray energy I,K'T 
energy intensity 
(keV) (keV) (keV) 
2133.742(12) 	1,1k 2133.94 15. o 0,o 
711.666 2.3 1422 0,0k 
640,567a 1.9 1493 2,0k 
240.658 0.25 1893 2,0k 
2177.788(15) 	2,1 2177.80 8.0 0 0,O 
- 755.660 1.7 1422 O,O 
684•654b 2.0 1493 2,0k 
2243.511(18) 	3,1 	2163.44 	42.0 	 79 	2,O 
	
1979.36 23.0 264 4,O 
587.253 	0.33 	1656 	4,0 
a)Doubl e placement: transition may deexcite 2348 keV level; composite 
1-ray intensity quoted. 
b)Double placement: transition may deexcite 2392 keV level; composite 
1-ray intensity quoted. 




THE Kn = 0 BANDa 
Initial State De-exciting transition Final, State 
energy 	I,K' 1-ray Y-ray energy 
energy intensity 
(keV) (keV) ' (keV) 




1873.12 11.0 	' 264 ' 	 4,0 
2311.064(29) 	4,0k 	2047.03 	47.0 	 264 	4,0k 
	
1762.19 13.0 548 6,O 
654.790, 	0.41 	1656 	40 
a) Bandhead undetermined 
	




THE K' = 3 BAND 
Initial State 	 De-exciting transition 	Final State 
energy 	I,K 	1-ray 	 1-ray 	 energy 	I,K 
energy intensity 
(keV) 	 (keV) 	 (keV) 
2186.736(3) 	3,3+ 	645.206 1.6 1541.5 3,3W 
571.428 0.46 1615 4,3 
533.202 24.9 1653 3,3k 
450.048 2.1 1736 4,3k 
2279.624(5) 	4,3 	1086.616 10.0 1193 5,4W 
626.086 3.5 1653 3,3k 
542.939 8.0 1736 43 
440.264 1.0 1839 5,3k 
219.630 0.09 2059 4,4 
'I 
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TABLE 27 
THE Kw = 2 BAND 
Initial State De-exciting transition Final State 
energy I,K 1-ray- 1-ray energy I,K 7T 
energy intensity 
(key) (keV) (keV) 
2193 .1192 ( 29 ) 2,2k 1372.051 20.0 821 2,2k 
1297.320 7.7 895- 3,2k 
2254.860(41) 3,2k 1433.74 15.0 821 2,2k 
1260.09 25.0 994 4,2k 
2336,248(52) 4,2k 1440.41 - 	 10.0 	- 895 3,2k 
1341.58 11.0 994 4,2k 
1218•677a 7.0 1117 5,2k 
a)Double  placement: transition may deexcite 2411 keV level; composite 
1-ray intensity quoted. 
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TABLE 28 
THE K = 2 BAND 
Initial State 	 De-exciting transition 	Final State 
	
energy 	I,K 	1-ray 	1-ray 	energy 
energy intensity 
(keV) 	 (keV) 	 (keV) 
2230.328(15) 	2,2 
2302.680(5) 	3,2 
1409.148 13.0 821 2,2k 
688.789 1:9 1541.5 3,3W 
614.996 2.8 1615 4,3 
660.854 2.0 1569 2,2 
1481.71 10.0 821 2,2k 
1406.93 7.0 895 3,2k 
733.231 3.4 1569 2,2 
669.221 4.1 1633 3,2 
583.472 1.3 1719 4,2 
482.190 0.41 1820.4 5,2 
687.302 6.8 1615 4,3 
474.636 0.49 1828 3,3 
409.751 0.41 1892 4,3 
2392.632(8)) 	4,2 	1496.76 5.0 895 3,2k . 
1398.046 12.0 994 4,2k 
1275.316 18.0 1117 5,2k 
1298.400 7.2 1094 4,4 
1199.610 7.8 1193 5,4 
759.157 1.0 1633 3,2 
684•654a 2.0 1707 5,3 
a)Double placement: transition may deexcite 2177 keV level; composite 
1-ay intensity quoted. 




THE K 	= 4 BAND 
Initial State De-exciting transition Final State 
energy 	I,K 1-ray 1-ray energy I,K'T 
energy intensity 
(keV) (keV) (keV) 
2238.170(3) 	4,4+ 1144.112 59. 1094 4 9 4 
1045.312 2.9 1193 5,4 
501.506 3.8 1736 4,3k 
398.829 0.61 1839 5,3k 
389•804a 0.46 1848 2,2k 
345.247 0.95 1892 4,3 
333.086 1.26 1905 4,4 
178.189 0.15 2059 4,4 
2368.572(6) 	54+ 	1274.53 19.0 1094 4,4 
1175.53 7.8 1193 5,4 
463.485. 0.28 1905 4,4 
220.268 0.07 2148 5 3 4 
100.953 0.24 2267 5,5 
a)Doubl e  placement: transition may deexcite 2108 keV level; composite 
1-ray intensity quoted. 
	




THE giT = 3 BAND 
Initial State 	 De-exciting transition 	Final State 
energy 	I,K 	1-ray 	1-ray 	energy 	I,KTT 
energy intensity 
(keV) 	 (keV) 	 (keV) 
2262.689(6) 	3,3- 	1441.4,a 19.0 - 	 821 2,2k 
1366.914 23.0 895 3,2k 
1267.83 10.0 994 4,2k 
647.344 3.4 1615 4,3 
629.184 4.0 1633 3,2 
609.164 2.2 1653 33 
263.421 0.30 1999 3,3 
2348.554(5) 	4,3 	1452.50 . 7.0 895 3,2k 
1231.042 4.0 1117 5,2k 
1155.564 5.5 1193 5,4 
695.039 0.9 	. 1653 3,3k 
640•567b 	. 1.9 1707 5,3 
629.397 4.9 1719 4,2 
0.21 2089 4,3 
2451.175(5) 	5,3 	1456.15 	 7.0 	 994 	4,2k 
133344d 9.8 1117 5,2k 
909.414 	1.3 	 1541.5 	3,3 
361.834 1.3 2089 4,3 
195.836 	0.08 	2255 	6,4 
a)Doubl e placement: transition may deexcite 2337 keV level; composite 
1-ray intensity quoted. 
b) Double placement: transition may deexcite 2133 keV level; composite 
1-ray intensity quoted. 	. 
C) Doubl e placement: transition may deexcite 2210 keV level; composite 
1-ray intensity quoted. 
d) Double placement: . transition may deexcite 2526 keV level; composite 
1-ray intensity quoted. 	 . 	., 
0 
AT 7)17 fl - - - -4 fl  ivn 	nepuri F1A)-(JOc 51 
TABLE 31 
THE K 7' = 5 BAND 
Initial State De-exciting transition Final State 
energy 	I,K7' 1-ray 1-ray energy I,1(" 
energy intensity 
(keV) (keV) (keV) 
2267.617(4) 	55 1173.557 47.0 1094 4,4 
1074.502 5'.. 5 1193 5,4 
428.295 0.90 1839 53 
374.683 2.5 1892 4,3 
362.547 2.7 1905 4,4 




THE K = 5 BAND 
Initial State De-exciting transition Final State 
energy 1-ray 1-ray energy I,K 
energy intensity 
(keV) (keV) (keV) 
2298.255(3) 	55+ 1105.260 30.5 1193 5,4- 
986.938 4.4 1311 6,4 
458.910 	. 1.7 1839 5,3k 
296.309 0.39 2001. 5,4 
208.944 0.08 2089 4,3 




THE K = 3 BAND 
Initial State De-exciting transition Final State 
energy 	I,K T-ray 1-ray energy 
energy intensity 
(keV) (keV) (keV) 
2323.190(86) 	3,3 1501.92 9.0 821 2,2k 
1427.40 4.0 895 3,2k  
1328.57 3.7 994 4,2k 
	
2402.368(72) 	43 	1506.49 	22.0 	 895 	3,2k 
1407.67 7.0 994 4,2k 
2513.694(55) 	5,3 	1518.95 	 9.0 	 994 	4,2 k  
1396.125 11.0 1117 5,2k 
	




THE K = 3 BAND 
Initial State 	 De-exciting transition 	Final State 
energy 	I, K" 	1-ray 	1-ray 	energy 	1,1(71 
energy intensity 
(keV) 	 (keV) 	 (keV) 
2337.118(18) 	3,3- 	
-- 1515•98a 51.0 821 2,2k 
19.0 895 3,2k 
1243.07 16.0. 1094 4,4 
2411.646(21) 	4,3 
1515•98a 51.0 895 3,2k 
1294.05 21.0 1117 5,2k 
1317.56 5.0 1094 4,4 
1218.677 7.0 1193 5,4W 
1100.11 1.7 1311 6,4 
2526.578(12) 	5,3 1532.18 3.0 994 4,2k 
1432.64 8.0 1094 4,4W 
133344d .9.8 1193 5,4 
466.603 0.34 2059 4,4 
a)Double placement: 	transition may deexcite either the 2337 keV or 2411 
key level; composite 1-ray intensity quoted. 
b)Double  placement: 	transition may deexcite 2262 keV level; composite 
1-ray intensity quoted. 
C) Double placement: 	transition may deexcite 2336 keV level; composite 
1-ray intensity quoted. 
d) Double placement: 	transition may deexcite 2451 keV level; composite 
1-ray intensity quoted. . 
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TABLE 35 
THE K = 5j BAND 
• Initial State De-exciting transition Final State 
energy 	I,K 1-ray 1-ray energy I,Kff  
energy intensity 
(keV) (keV) (keV) 
2365.167(9) 	5,5 1271.129 29.0 1094 4,4 
1172.300 4.2 1193 5,4 
1247.78 2.5 1117 5,2k 
0.81 1892 4,3 
460.100 0.55 1905 4,4 
2474.166(12) 	6,5 	1281.034 10.0 1193 5,4 
1041.353 3.6 1432 7,2k 
653.879 0.33 1820.1 6,3 
- 	 472•218a 0.81 2001 5,4 
a)flouble  placement: transition may deexcite either the 2365 keV or 2474 
keV level; composite 17ray intensity quoted. 




THE KIT = l BAND 
Initial State De-exciting transition Final State 
energy I, K' 1-ray 1-ray energy I,K1T 
energy intensity 
(keV) (keV) (keV) 
2365.30(11) 1,1 2365.30 13. 0 0,0k 
2285.55  79 2,0k 
2393.694(83) 2,1 2393.47  0 0,0k 
2314.49 14. 79 2,0k 
2129.46 6. 264 4,0k 
1572.41  821 2,2 
1497.94  895 3,2k 
2478.164(68) [3,1) 2398.25 18. 79 2,0k 
2214.47 13. 264 4,0 
1656•84a 8. 821 2,2k 
1582.95 9. 895 3,2k 
2547.247(65) [4,1'] 2282.84 4. 264 4,0k 
1997.88 3. 548 6,0k 
7. 895 3,2k 
1552.55 6. 994 4,2k 
a)Doubl e placement: transition may deexcite 1736 keV level; composite 
1-ray intensity quoted. 
b)Double placement: transition may deexcite 1915 keV level; composite 
1-ray intensity quoted. 




THE K = 2 BAND 
Initial State De-exciting 
/ 
transition Final State 
energy 	I,K' 1-ray 1-ray energy I,K 
energy intensity 
(keV) (keV) (keV) 
2425.41(6) 	2,2k 2425.35 15.0 0 0,0 
2345.58 16.0 79 2,0k 
1604.09 5.0 821 2,2k 
1529.67 3.0 895 3,2k 
1208•304a 4.4 1217 0,0k 
2484.53(5) 	3,2k 	2404.84 8.0 79 2,0k . 
2220.70 15.0 264 
1663.21 5.0 821 2,2k 
1588.75 4.0 895 3,2k 
1208304a 4.4 1276 2,0k 
2561.55(4) 	4,2k 	2297.43 25.0 264 4,0k 
2012.34 5.0 548 6,0k 
1665.74 8.0 895 3,2k 
1444.06 4.0 1117 5,2k 
944.786. 2.4 1616 6,0k 
a)Doubl e placement: transition may deexcite either the 2425 keV or 2484 
keV level; composite 1-ray intensity quoted. 




THE X'.= 5 BAND 
Initial State De-exciting transition Final State 
energy 	I,K -f-ray 1-ray energy I,K 
energy intensity 
(keV) (keV) (keV) 
2477.21(5) 	55 1383.36 5.0 1094 4,4 
1284.08 7.0 1193 5,4 
1165.65 5.2 1311 6,4 
NRC Report PIRS-0288 	 59 
TABLE 39 
THE 10 = 4 BAND 
Initial State 	 De-exciting transition 	Final State 
	
energy 	I,I<1T 	 1-ray 	1-ray 	energy 	I,K1T 
energy intensity 
(key) 	 (keV) 	 (keV) 
2663.227(21) 	[4,4J 	1569.30 9.0 1094 4,4 
1470.40 5.0 1193 5,4 
1009.675 21.2 1653 33 
2769.577(46) 	[5,4J 	1675.49 20.0 1094 4,4 
157658a 6.0 1193 5,4 
1458.34 7.0 1311 6,4 
Double placement: transition may deexcite 1656 keV level; composite 
1-ray intensity quoted. 
STUDIES IN THE DECAY OF THE ACTIVE DEPOSIT OF 
ACTINIUM 
III. LEVELS IN "Bi AND ITS DAUGHTER PRODUCTS 
W. F. DAVIDSON, C. R. COTHERN,' AND R. D. CONNOR 
Physics Department, University of Manitoba, Winnipeg, Manitoba 
Received October 26, 1966 
Previous work on the decay of 'Pb has been developed and extended using 
lithium-drifted germanium detectors and sum—coincidence techniques. A more 
detailed level scheme for 211 13i has been produced with greater precision in the 
determination of the energies and intensities of the 16 gamma rays observed. 
The alpha decays of "Bi and 211po  have been studied using solid-state detectors 
with a resolution of 15.5 keV at 6 MeV. The alpha branching of "Bi to the 
350-keV level in '°Tl has been found to be 16.43 ± 0.04% and that of 211 Po 
to the 570-keV level in 20713i to be 0.50 ± 0.07%. The beta—alpha branching 
ratio in the decay of "Bi is 0.274 ± 0.004%. The data enable upper limits to be 
placed on any other alpha groups in the active deposit in the energy range 3-13 
MeV. 
The gamma-ray spectrum of separated sources of '°Tl has been found to consist 
of a single transition of energy 898 zE 0.5 keV with an intensity of 0.002 4 ± 
0.0004 photons per '°Tl decay or 0.002 9 ± 0.0004 photons per "Pb decay. 
A decay scheme for the entire active deposit is given. 
1. INTRODUCTION 
This is the concluding portion of an extensive study of the decay of the 
active deposit of actinium. Previously published portions discussed the alpha—
gamma angular correlation of the 211 Bi (6.27-MeV a-350-keV -y) 207T1 transi-
tion, together with the conversion coefficient of the 350-keV gamma ray 
(Cothern and Connor 1964, Pt. I), and the decay of "'Pb (Cothern and 
Connor 1965, Pt. II). A Siegbahn—Slatis spectrometer was used for beta-ray 
and conversion-line studies and NaT (Ti) scintillation detectors provided the 
data for gamma-ray and gamma—gamma angular correlation studies. Now, 
using lithium-drifted germanium detectors and a sum-coincidence (Nal) 
spectrometer in conjunction with a 1 024 channel pulse-height analyzer, the 
present paper extends the previous work on the decay of "'Pb leading to a 
revised level scheme for 211 13i. The alpha decays of 211 13i and 2 "Po are examined 
as are also the gamma-ray transitions in 207Pb following the beta decay of 207Tl, 
and a disintegration scheme embracing all the isotopes of the active deposit is 
presented. 
2. EQUIPMENT 
For gamma-ray work, sources were prepared by collecting from 219Em the 
active deposit by recoil onto negatively charged aluminium foils in the classical 
manner (Rutherford et al. 1930). Details of the source material are given in 
Part II of this work. For alpha-ray studies, stainless steel disks polished to a 
mirror finish with diamond dust were used as source backings. The sources so 
produced were, for all practical purposes, weightless. Gamma-ray spectra 
were taken using an RCA lithium-drifted germanium detector of 2-mm 
'Present address: Physics Department, University of Dayton, Dayton, Ohio. 
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depletion depth (Type SJGG-2), together with a Nuclear Enterprises pre-
amplifier -  amplifier system (Models N.E. 5231-5230) having a noise slope 
given by 2.0 keV + 0.04 keV/pF. 
The equipment for sum–coincidence studies with scintillation detectors was 
essentially that employed by Brown and Roulston (1965), while the alpha-ray 
work was performed using an Ortec SBBJ 025-60 Au–Si detector with an 
Ortec model 109 preamplifier, a Tennelec TC 200 amplifier and a Nuclear 
Enterprises NE 9202 biased amplifier. The best resolution achieved at 6 MeV 
was 15.5 ke\J. 
Gain drifts were minimized by keeping the counting rates at the order of 
1 000 per second at all times. 
Throughout this work, pulse-height analysis was effected using either a 
I 024-channel Nuclear Data analyzer Model ND 160-F or a 400-channel 
\/ictoreen analyzer. 
3. THE DECAY, OF "'Pb 
In Fig. 1 the ganmia-ray spectrum of the active deposit is shown. Energy 
calibration was achieved using the well-known gamma rays of 241Am(59.6 
keV), 7 Co(122.0 ke\J), 203Hg(279.2 keV), 'Cr(320.3 keV), " 3Sn(391.8 keV), 
22Na(511.0 keV), 207 Bi(569.7 and 1063.4 keV), 137Cs(661.6 ke\/), 54 Mn(S35.5 
keV), and 60Co(1173.2 and 1332.5 keV)Of the 15 gamma rays visible in Fig. 1, 
all are transitions in 21  Bi except two—the 350.7- and 898-keV transitions which 
occur in 207Tl and 211 P respectively. Because the former gamma ray is the 
strongest, all others are referred to it. 
3507 r\ 
6261 	\ 	28K 














ACTIVE DEPOSIT OF ACTINIUM GAMMA SPECTRUM 	 079 
	
I 	"94 
22 HOUR COUNT 	 I 
373 g/cm2  Pb ABSORBER 	
269 
R.C.A. DIODE 	5,150-2 	(450 VOLTS) 
0 	... 
200 	300 	400 	500 	600 	
700 	800 
CHANNEL 	NUMBER 
FIG. 1. Gamma-ray spectrum of the actinium active deposit. 
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In Part I the value found for ak  for the 350-keV transition was 0.175, which 
gives (Part II) the result that the'number of 350-keV photons per 211 Pb decay 
is 0.14, remembering that in transient equilibrium there are 1.063 211 13i decays 
per 21 Tb decay. Likewise there are 1.226 207T1 decays per 211 Pb decay. 
If the observed intensity of the 898-keV gamma ray is reduced by the factor 
1.226 and the 350-keV intensity normalized to 0.14, then the intensities of all 
the gamma rays of Table I are determined per 211  P decay. 
As all the gamma intensities are normalized to this ialue, which in turn is 
based on the value of ak (0.175 ± 0.017), it is clear that the ak  value is pivotal. 
Valli et at. (1965) supportthe presentlyaccepted value, but the most recent 
determination of Gorodetzky et at. (1966) gives ak = 0.204 1 ± 0.003 7. 
Other determinations are 0.18 ± 0.03 (Falk-\Jairant 1954), 0.200 ± 0.010 
(Perrin 1960), 0.195 ± 0.015 (Gorodetzky et at. 1962), 0.24 (Vandenhosch 
et at. 1963) and 0.24 (Pilger 1957). Shy and Band (1958) give 0.216 as the 
theoretical value for a pure Ml transition. 
In what follows we shall adopt the value of ak  = 0.175 with 0.14 photons per 
211  P decay. 
There remains, of course, the correction for the variation of the detector's 
photopeak efficiency with energy. This was determined using eight of the 
gamma rays emitted in the decay of 1401-a whose relative intensities had been 
determined (Fairweather and Connor (to be published)). A lithium-drifted 
germanium detector had been accurately calibrated at the National Research 
Council, Ottawa, employing calibrated sources whose decay schemes were 
known. A source of 1401-a was counted in known configurations with respect 
to this detector and the intensities determined from the efficiency curves for 
this detector. Eleven determinations of the efficiencies of the 140La gamma rays 
were made on the N.R.C. detector. Sources of 140La were used to calibrate the 
present detector, using the results of this earlier work. The energies of the 
gamma rays of 140La were 328.7, 432.9, 487.1, 751.7, 816.0, 920.0, 925.2, and 
1 596.4 ke\T. The efficiency curve was extended down to 213 keV, using sources 
of 178Ta produced in the cyclotron of the University of Manitoba by the 
proton bombardment of 180Hf. The energies of the tantalum gamma rays are 
213, 325.5, and 426 keV and it is known that these transitions are all of the 
same intensity except for differences in the conversion coefficients. 
Repeated rechecking of the efficiency curve of the present detector enabled 
us to obtain the intensity of any gamma ray in the region calibrated to ±10% 
for the stronger transitions, with lower accuracy for the others (see Table I). 
There, the results of the present work are compared with those obtained by 
unpeeling the Nal scintillation spectrum (Part II) and the recent work of 
Mead and Draper (1965), who also used a lithium-drifted germanium detector. 
In Table I, the relative intensities of the transitions observed by Mead and 
Draper have been normalized to 0.14 for the 350-ke\T transition to facilitate 
comparison. 
The gamma rays of energy 342.5, 94.5, and 65.5 ke\i in Table I do not appear 
in Fig. 1, but in Fig. 2 the low-energy part of the spectrum is shown. This 








Mead & Draper (1965) 
Energy (keV) 	 I ntensity * 
Cothern & Connor (1965), Pt. II 
Energy (keV) 	Intensity 
1269±1 0.000 06±0.000 01 1265±2 0.000 08±0.000 028 - - 
1194±1 0.00011±0.00002 1188±2 0.00015±0.00004 - - 
1108.5±1 0.00125±0.00015 1104±2 0.00144±0.00014 1100±15 0.001 2=i=0.0002 
1079±1 0.00015±0.00002 1076±3 0.000182±0.000028) 10604-15 	u 00007--00001 1 014±1 0.00018±0.00003 1 020±3 0.000 196±0.000028 J 
(898±0.5) (0.0029±0.0004) (894±3) (0.00392±0.00042) (890±10) (0.0066±0.0007) 
864±1 0.00005±0.00002 860±10 0.000056±0.000028 - - 
831.7±0.5 0.038±0.005 831.83±0.04t 0.0384±0.0017 830±7 0.038±0.004 
766.2±0.3 0.0073±0.0009 766.34±0.07k 0.00728±0.00028 758±7 0.009±0.0009 
703.8±0.3 0.0048±0.0006 702±3 0.005 18±0.00028 706±7 0.0077±0.0008 
609±1 0.0003±0.0001 612±5 0.00126±0.00028 650=i=10t 0.0019±0.0004 
427.0±0.3 0.020±0.0025 426.99±0.04t 0.0203±0.0002 426.5±0.5t 0.031 ±0.003 
404.7±0.3 0.043±0.0050 404.84±0.04t 0.0384±0.0017 403.3±0.5t 0.044±0.004 
(350.7 ±0.3) (0.140±0.014) (351.014-0.01t) (0.140) (349.8±0.5t) (0.140±0.014) 
342.5±1.0 "..0.0003±0.0001 § 340±3 '-.0.00042 - - 
313±1 0.0003±0.0001 § 310±3 —0.00028 290±10 0.0013±0.0003 
94.5±0.5 —0.000 14§ 84±2 '-0.000056 - - 
65.5±0.5 —0.000 5§ 65.502±0.008f 0.0007±0.000 28 - - 
*Normalized to 0.14 for the 350-keV gamma ray. 
tConversion-line measurement. 
See Section 8. 
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FIG. 2. Low-energy portion of active deposit gamma-ray spectrum. 
Diodes Inc. detector type LG 1.5-4 and cooled FET in the preamplifier. Here 
we see the 65.5- and the 94.5-keV gamma rays together with X rays. 
Figure 3 shows the region of the spectrum just below the 350-keV photopeak. 
The 313.0- and 342.5-keV transitions can be distinguished here, but it is 
difficult to make accurate intensity measurements of such weak lines super-
imposed on a relatively large background. The intensity of the 342.5-keV 
transition is particularly difficult as the line is on a rising and therefore some-
what uncertain background. 
Approximate values of the intensities of the 65.5- and 94.5-keV transitions 
can be found, using the adopted value of ak for the 350-keV transition (0.175). 
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FIG. 3. Gamma-ray spectrum 300-350 keV. 
The K-fluorescent yield is 0.96, hence the number of K X rays is 0.96 X 0.175 
N7 , where N7 is the number of 350-keV gamma-ray photons. The principal 
composite peak in Fig. 2 consists of the K-11 11 and K—L 111 X rays in 207T1, 
plus the K—L 11 211 13i X ray. Assuming that the K—L 11 , and K—L 111 peaks of Ti 
and Bi are similar in shape, we can unwrap the contribution due to bismuth. 
The observed number of counts in the 350-keV photopeak corresponding to the 
data of Fig. 2 was 9.7 X 10; those in the Ti X-ray peaks were 3.4 X 10 6 . 
The relative photopeak efficiency at '—.-'74 keV is therefore c, = (3.4 X 106)/ 
(0.96 >< 0.175 X 9.7 X 10) = 21. We accept this value for both the 65.5-
and the 94.5-keV y  rays. This enables their intensity values to be determined 
as 0.000 5 and 0.000 14 respectively, per 211 Pb decay. 
To determine the placings of these radiations in the decay scheme, the 
sum—coincidence (NaT) spectrometer described by Brown and Rouiston (1965) 
was used. The resolving time (2r) was 28 nsec. With the sum window '-'50 keV 
wide centered at -1 115 keV (the energy of a level determined in Part II), 
the spectrum shown in Fig. 4 was obtained. This shows gamma rays of energies 
approximately 95 and 1020, 345 and 770, 405 and 705 keV to be in cascade. 
From the values in Table I the more precise energies are 94.5 and 1014, 
342.5 and 766.2, 404.7 and 703.8 keV, respectively. This last cascade is well 
known and was the subject of an angular correlation study in Part II. This 
places the 342- and 94.5-keV radiations in the decay scheme. 
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FIG. 4. Sum—coincidence gamma spectrum. Sum window 50 keV wide centered at 1 115 keV. 
The two broad unmarked peaks are due to backscatter of 1 108.5 keV photons from one detector 
into the other. 
A weak '315-keV transition also appears in Fig. 4. There is a 313-keV 
gamma ray in coincidence with the 766-keV transition (see Fig. 6). With sodium 
iodide detectors at a resolution of 9%,  part of this sum peak (energy 1 079 keV) 
will also enter the gate set at 1 115 keV with a 50-keV window; hence the 
presence of this interfering peak of low intensity. The broad unmarked peaks 
at -200 keV and -'900 keV are due to backscatter of the 1 108.5-keV photons 
from one detector into the other. Photons of energy '-1 100 keV produce 1800 
backscattered photons of '205-keV energy. 
With the sum-coincidence window set at 830 ± 20 keV, we see from Fig. 5 
that gamma rays of ''67 and '-760, and '-'405 and '427 keV are in cascade. 
The latter cascade was also the subject of an angular correlation study in 
Part II. As the sum level is actually 831.7 keV, the data of Table I give the 
more precise value of 65.5 keV as the energy (Fig. 2). This places the 65-keV 
transition. 
The broad groups at —.'200 keV and —600 keV are due to backscatter of 
the 831.7 keV photons from one detector to the other. Photons of energy 
—'830 keV produce 1800  backscattered photons of energy —'200 keV. 
These sum-coincidence spectra and the spectrum shown in Fig. 1 enable a 
revised level scheme for 21 1 13i to be presented (Fig. 6). There are now eight 
excited states with the one of highest energy (1 269 keV) only 109 keV below 
the energy determined in Part II for the 211 Pb--211 13i ground state - ground state 
beta transition (1 378 keV). Any presently undetected level above 1 269 keV 
is likely to be populated only extremely weakly. It will be seen that the 
individually .determined gamma-ray energies fit into the energies of the level 
scheme very precisely (Fig. 6). 
The beta-ray energies shown in Fig. 6 are calculated from the above-
mentioned beta end point and the measured gamma-ray energies. Beta-
ray intensities are calculated from the population balance at each level, using 
the absolute photon intensities and the conversion coefficients of the only two 
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FIG. 5. Sum—coincidence gamma spectrum. Sum window 20 keV wide centered at 830 keV. 
The broad groups at —200 and —600 keV are due to backscatter of 831.7-keV photons from one 
detector into the other. 
transitions (405 and 427 keV) which yield a significant number of conversion 
electrons relative to the 3-ray continuum (Part II). Also the a r = 2.9 ± 0.9 of 
Mead and Draper was invoked for the weak 94.5-keV transition (see Section 8). 
Intensities shown in parentheses are those determined experimentally from 
Fermi analysis (Part II). 
In Table II the beta-ray data are summarized. 
TABLE H 




(%) Log fot 
1378 90.3 6.0 
973 2.0 6.8 
612 0.64 7.0 
546 6.3 5.8 
299 0.045 7.2 
269 0.67 5.7 
184 0.01 6.9 
109 0.01 6.3 
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Fic;. 6. The decay of 2ilPb to 211 Bi. 
4. THE ALPHA DECAY OF 211Bi AND 211Po  AND 
THE $/a BRANCHING RATIO IN THE DECAY OF 211 13i 
The Composite alpha spectrum obtained by exposing a series of highly 
polished stainless steel disks to the emanation of 227  Ac is shown in Fig. 7 on a 
logarithmic scale in order to reveal the principal features. It will be seen that 
alpha groups from other isotopes are also present, though weakly. The source of 
227Ac is such that following the alpha decay of 227Th, 223Ra is also gathered at 
low efficiency together with the active deposit on a negatively charged collector. 
In the spectrum shown, the intensity of the 223Ra groups at 5.53, 5.60, and 5.71 
Me\7 are '—'0.1% that of the 21 1 13i groups at 6.27 and 6.62 MeV. The 6.81-MeV 
group belonging to 21  'Em is present, as is also the 7.39-MeV 215po (AcA) group 
and the 211po  groups at 6.89 and 7.455 MeV. The parent actinium contained 
minor traces of 226 R and 228Th. The strongest alpha group in the spectrum of 
the active deposit of radium (7.68 MeV in 214po)  is visible at an intensity of 
'--'6 parts per million of the 211 13i groups, while the 8.778-MeV group of 212po 
is seen at an intensity of '--'60 parts per million. 
Considering only the 21  '13i and 21 '-Po alpha groups, the 6.62-MeV group is 
the ground-state transition of 21 1 13i to 207T1. The 6.27-MeV group feeds the 350-
ke\T first excited state of 207T1 and the alpha—gamma angular correlation has 
been studied (Part I). 
Figure 7 is intended to display the general features of the a spectrum only. 
It is unsuitable for analysis as the weak lines are not well enough defined, and, 
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FIG. 7. General alpha-particle spectrum of the active deposit sources. 
strong peaks at 6.27 and 6.62 MeV have overflowed many times. To analyze the 
a branching to the 350-ke\T level relative to the ground state of 207T1, three 
separate runs were made on the a spectrum at low counting rates. Figure S 
shows a semilog plot of a portion of one of these runs. The line shape of a single 
a group consists of the peak itself followed by an almost flat low-energy con-
tinuum of a particles back scattered from the solid-state detector. The level of 
this plateau is about 10 times the peak height. 
The line shape of the 6.62-MeV group was fitted to the 6.27-MeV group as 
shown. The very weak background from higher-energy a groups will not affect 
this fit. 
In evaluating the relative intensities of the a groups, a criterion for the 
area of a line must be established, for it is not possible in general to sum the 
entire backscattered plateau to zero energy. 
Several criteria may be devised. One is to plot the spectrum on linear paper, 
eliminate a "background" beneath each peak by inspection and compute the 
areas. This is not a very good criterion, for examination of this procedure 
On semilog paper shows that the "backgrounds" judged by eye in effect cut 
the two peaks at different levels with respect to the peak height. A better 
criterion is that adopted in Fig. 8, where the areas under the two peaks are 
calculated to the level of 0.25 or 0.1% of the peak height. The ratio of the 
intensity of the 6.62-Me\J group to the combined intensity of the 6.27- and 
6.62-I\le\7  groups gives the intensity of the 6.62-i\'le\ 7  group per 211 131 a decay. 
In Table III the results of five determinations of the intensity of the 211 13i (a) 
207T1 ground-state transition, according to the criteria mentioned above, 
are listed. It is seen that there is no significant difference in the results, taking 
the data to the 0.25% level as compared with the 0.1 0/0 level. The number of 
a particles counted in the 6.62-MeV peak is given in parentheses. 
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FIG. 8. Alpha groups of 6.27- and 6.62-MeV energy, showing the method of analysis. 
TABLE III 
Intensity of the 21lBi_20 7Tl ground-state alpha transition (Numbers in parentheses 
give the number of counts in the 6.62-MeV a group) 
Peaks summed to Peaks summed to 
0.25% level 0.1% level 
Run 1 	 83.425% (11,400,978) - 
Run 2 83.602% (8,405,017) 83.580% (8,513,493) 
Run 3 	 83.615% (6, 646,365) 83.612% (6, 774,905) 
Average 	 83.547% 83.596% 
The mean of the five determinations to the 0.25 and 0.1% levels taken 
together is (83.57 ± 0.04)%. The error quoted is the standard deviation of the 
mean. The intensity of the a group populating the 350-keV level in 207T1 is 
therefore (16.43 ± 0.04)%. These values are accepted as the respective 
intensities for these a groups in what follows. 
We have no evidence for the very weak (3.7 X 10%) group of energy 5.94 
Me\T reported by Walen et al. (1962). It would not be visible above the back-
ground in this region. 
The 7.455-1\4eV a group is the "'Po ground-state decay to the ground state 
of "'Pb. The weak 6.89-Me\J group is the a decay to the first excited state of 
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Fic. 9. Alpha groups in the region 6.6-7.5 MeV. 
To determine the intensity of the a branching to the first excited state 
relative to the ground-state transition, the line shape of the 6.62-Me\/ a group 
was fitted to the 7.455-MeV group. The counts here were summed to the 1 0/, 
level and the relative areas compared. Three determinations of the intensity 
of the 6.89-MeV group relative to the 7.455-Me\T group were made from differ-
ent data, each to a precision of about ±20%, viz. 0.42, 0.50, and 0.55 0/0 . The 
value accepted was (0.50 ± 0.07)%. The error quoted is twice the standard 
deviation of the mean and reflects the uncertainty of the determination of the 
area of the smaller peak. Corresponding values of 0.58, 0.51%, and '-0.71% 
are given in the literature from the data of Neumann and Perlman (1951), 
Jentschke et at. (1954), and Walen et at. (1962). 
The transition of energy 6.56 MeV to the second excited state at 898 keV 
in 2  11P observed in the sequential decay of "'At by Neumann and Perlman 
(1951) is here lost in the low-energy tail of the strong 6.62-MeV group from 
211 131, which is, or course, not present in the "'At and 21lpo  decay. The work of 
Neumann and Penman (1951) and of Jentschke et al. (1954) gives the intensity 
of this group as close to 0.5%. We shall adopt this value in what follows. 
A weak group (0.07%) of energy 6.34 Me\/ was reported by Neumann and 
Penman. However this result was not substantiated by Prescott (1954), 
Alburger and Sunyar (1955) or by Harvey (1951, 1953) who studied (d, p) and 
(d, t) reactions in the lead isotopes. Shell-model calculations by True (1956), 
Shy and Volchok (1959), and Blomqvist and Wahlborn (1960) do not lead to 
the prediction of a level at the requisite energy and the consensus of present 
opinion would appear to be that first expressed by Hoff (1953), viz., that the 
6.34-1\/IeV alpha group is not present in the decay of 211po. 
Table IV summarizes the results on the alpha decay of 21 1Po. 
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TABLE IV 
Alpha-particle energies and intensities in the decay of 211Po 
Neumann and 	Jentschke 	 Walen 	 Present 
Energy 	 Perlman (1951) ci at. (1954) ci at. (1962) work 
(Mev) (%) 	 (%) 	 (%) 	 (%) 
7.455 	 98.88 	 99.0 	 99 	 99 
6.89 0.57 0.50 0.7 0.50 
6.56 	 0.48 	 0.53 	 - 	 ('0.5) 
6.34 0.07 - - - 
The /a branching ratio of 211 Bi can be readily determined as the ratio of the 
intensities of the alpha groups from 211po  to the intensities of the alpha groups 
from 211 Bi. The ratio to be calculated is the intensity of the 7.455-MeV group 
increased by 1%, divided by the sum of the intensities of the 6.62-, the 6.27-
and the 7.455-MeV groups, the latter increased by 1%. Three determinations 
yielded the /a ratio as 0.276 5%,  0.267 2%, and 0.278 6%. The mean is 
(0.274 ± 0.004)%. The error quoted is the standard deviation of the mean. 
Earlier determinations of this branching ratio are 0.32% (Rutherford et at. 
1931) and 0.29% (Walenetal. 1962). 
It will be observed that the 7.39-1\/leV a-group, ground-state decay of 211po 
in Fig. 9 does not have the same shape as the neighboring group at 7.455 MeV. 
The half-life of 215Po(AcA) is only 1.8 X 10 seconds, so to be counted at all 
it must come from the parent 223 Ra following two a decays which may imbed 
the daughter in the source backing and hence broaden the line shape somewhat. 
Alternatively the 215po may be produced in thebody of the alpha chamber from 
the decay of 21 'Em which has diffused from the source. Here the recoil energy 
that would be imparted to a free 21 'Bi nucleus is 140 keV and this can broaden 
the observed line significantly. 
The 570-ke\J level in 201 P is populated by 211po  a particles to the extent of 
0.002 74 X 0.005 0 = (1.37 ± 0.20) X 10 per 211 Bi decay. The 570-keV 
y ray which deexcites the level would have an intensity of this order, for the a k  
is 0.018 (Ricci 1957), so it would not be seen superposed on the strong Compton 
edge at this energy as shown in Fig. 1. 
5. LONG-RANGE ALPHA GROUPS 
While the alpha spectrum of Fig. 7 extends only from 5.4 to 9.0 MeV, the 
spectrum has been studied from 3 to 13 MeV. Between 3.0 and 5.5 MeV the 
spectrum is featureless and any alpha group of intensity >3 X 10 that of 
the 211 Bi groups would be revealed. The 5.93-MeV group from 21 'Bi is reported 
to have an intensity of 3.7 X 10 on this scale (Walen ci at. 1962). Likewise 
in the region 9-13 MeV no alpha groups having an intensity > 10 6  that of the 
2IIBi groups are visible. 
Long-range alpha particles have been reported in the decay of 2llpo.  Curie 
and Lub (1933) reported alpha particles in the range 9.1-9.7 MeV with an 
intensity of '-'3 X 10 per 211 Bi disintegration. Avignon (1950) and Ader 
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(1955) also report alpha particles in this energy range. The background of the 
present work puts an upper limit of 10 6  on any such groups. However, it should 
be noted that such alpha groups could only riginate from an excited state of 
11 'Po having an energy 1.6-2.2 MeV above the ground state. It is not energetic-
ally possible for a beta transition from the ground state of 211 13i to proceed to a 
state of 1.6 MeV in 2lIpo,  and were the beta transition to originate from an 
excited state in 211 13i, that level would have to be '1 MeV above the ground 
state and would need to be isomeric to allow beta decay to compete successfully 
with gamma decay. The spin would have to be high. The spin of a level at 
—'1 100 ke\7 in 211 13i has been determined to be 7/2 (Cothern and Connor 1965, 
Pt. II), which is not consistent with an isomeric state. There is no known iso-
meric state in 211 13i which would accommodate this situation. The only known 
excited state in 2llpo  is isomeric and deexcites to 2071'b by emitting alpha 
particles of energy 8.70 MeV (7%), 7.85 i\'IeV (2.5%), and 7.14 Me\T (90.5 0/0 ) 
(Jentschke et al. 1954), which cannot be those referred to earlier. Thus it is 
suggested that the long-range alpha groups are not associated with the decay 
of 2llpo.  Support for this contention comes from Hanna (1959), who comments 
that, because of the very low /a branching ratio in 211 131, long-range alpha 
particles would not be expected in the decay of 211 Po.  
6. THE DECAY OF 2°T1 
Thallium-207 (4.8 minutes) was collected in a pure state by recoil following 
the a decay of 211 Bi from a source of the active deposit. A 6.0 mg/cm 2 aluminium 
foil was placed at '-'1 cm in air from a foil on which the active deposit had been 
collected. By maintaining the former foil at a potential of —1 600 V with 
respect to that possessing the parent material, the positive 207Tl ions were 
collected. The 36-minute active deposit allowed a series of foils to be activated 
over a period of about one hour when a fresh source of the parent material was 
obtained. A 207T1 foil would be activated for 10 minutes and counted for 10 
minutes while the next foil was being activated. 
One gamma ray (898 keV) appeared (Fig. 10). It was observed to die with a 
half-life of about five minutes and consequently is attributed to the decay of 
217 T1. Great care was taken in determining the energy of this gamma ray 
because one of precisely that energy had already been detected in the total 
active deposit spectrum (Fig. 1). There is no evidence which leads us to believe 
other than that the two transitions are the same, i.e., the 898-ke\/ gamma ray 
of Fig. 1 is that belonging to the decay of 2071. 
The purity of the separated source is attested by the near absence of the 
very strong 350-keV transition present in the parent material. Clearly, 
aggregate recoil is not occurring to any appreciable extent, for this transition 
is only just visible. On other 207T1 spectra examined, the 350-ke\7 line was 
invisible. 
The intensity of the S98-keV gamma ray has been shown above to be 0.002 9 
photons per "'Pb decay. In transient equilibrium 207Tl is decaying 22.6 0/0 faster 
than 211 Pb. Hence the number of 898-keV photons per 207Tl decay is 0.002 4. 
This transition is very weakly converted (ak = 0.024 (Alburger and Sunyar 
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FIG. 10. Gamma-ray spectrum of 207T1, separated by recoil from 211 13i. 
1955)): so without sensible error the photon transition intensity can be taken 
as the total transition intensity. 
Moreover, in the active deposit virtually all the 898-keV transitions follow a 
207T1 beta decay, for the branching ratio of 211 13i to 2lipo  is very small and the 
898-keV level of the Ilipo  decay is populated to the extent of only 0.5% as 
mentioned above. Hence, the intensity of the beta feed to the 898-keV level 
in 2071?b is 0.24%, with 99.76% going to the ground state. 
Sargent (1939), using absorbers, performed the first accurate measurement 
of the high-energy end point of the beta spectrum of 207T1 and put the value at 
1.47 MeV. Evans (1950), using a separated source of strength 1.6 nhicrocuries, 
put the end point at 1.442 ± 0.008 1VIeV. Vandenbosch et al. (1963) gave 1.400 
± 0.020 MeV. In the present work, Fermi analysis of the composite beta 
spectrum gave the end-point energy as 1.431 ± 0.008 i\'IeV. This means that 
the group feeding the 898-keV level in 2 17 P has an energy of 0.533 MeV. In 
Table V the intensities and calculated log ft values are shown and compared 
with the results of Sargent (1939), Surugue (1942), and, Christensen et al. 
(1963). 
From the absence of the appropriate gamma rays an upper limit of 0.01% 
can be placed on the intensity of any beta transition to the 570-keV level and 
0.002% on the intensity of any beta transition to a level around 1100 keV in 
207Pb. 
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TABLE V 
The beta decay of 20 T1 
Intensity 
Christensen 
Sargent 	Surugue 	et al. 	Present 
Energy 	(1939) (1942) (1963) work 
(MI eV) (%) 	 (%) 	 (%) 	(%) 
log J1 
Christensen 
et al. 	Present 
(1963) work 
	
1.431 	98 	 99.5 	99.84 	99.76 	5.13 	5.06 
0.533 2 0.5 0.155 0.24 6.47 6.21 
7. THE GAMMA-RAY SPECTRUM OF 211 13i AND ITS DECAY PRODUCTS 
It was thought worthwhile to examine the-y-ray spectrum of the active 
deposit free from the y transitions in 21 1 13i following the "'Pb decay. A source 
free from 2111)1)  was prepared from 223Ra by ion exchange as follows. 
A source of '----5 mCi of 227Th was supplied by the Radiochemical Centre, 
Amersham, England. The material was in 7N nitric acid. A Dowex 1 (XS) 
anion exchange column (100-200 mesh) about 6 cm long and 2 mm in diameter 
was equilibrated with 7N nitric acid and the thorium and its daughters added. 
The thorium remained on the column while 223  R and its daughter products 
were eluted with 7N nitric acid. 
The eluted radium solution was evaporated to dryness and taken up in 0.5 N 
1-I Cl. A second column was prepared using Dowex 50 cation resin (X4) (100-200 
mesh). This was equilibrated with 0.5 N HCl and the radium in acid solution 
was added to the column. Eluting with 0.5 N HCI removed the 207T1 and some 
21 1 131. The spectrum is shown in Fig. 11. 
Here we see the strong 350.7-keV transition in 207T1 and the 898-keV 
transition in 207 Pb which was discussed in the previous section. No other 
gain in a-ray transitions are in evidence. 
The weak 3.7 X 10-2% transition of energy 688 keV in 207T1 mentioned 
earlier would not be observable against the Compton continuum. Likewise 
(Fig. 12) the 570-keV transition in 201 P would not show up in this spectrum 
because it is only 0.005 times as strong as the 898-keV transition. 
8. DISCUSSION OF THE RESULTS 
The resolution of lithium-drifted germanium detectors is so superior to 
sodium iodide scintillation detectors that definitive values of the gamma-ray 
energies can be given which lead to revisions in gamma-ray energies and inten-
sities for transitions in 211 13i and to a revised level scheme for that nuclide. As 
Table I and Fig. 6 show, the present results are in very good agreement with 
the results obtained for 211 131 by Mead and Draper (1965). There are, however, 
some important differences. In the region above 831.7 keV, disagreements 
amounting to as much as 6 ke\T exist between their level energies and ours, but 
it will be seen from Fig. 6 that the energies of all the gamma rays listed in Table 
I fit the level energies determined by the ground-state gamma transitions to 
±0.5 keV. Furthermore the transition between the sixth and fourth excited 
states is given as 84 ± 2 ke\7 by Mead and Draper and as 94.5 ± 0.5 in the 
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FIG. 11. Gamma-ray spectrum of "Bi and 117T1 using as a source material eluted from an ion 
exchange column containing "Ra. 
present work. In the earlier work the 84-keV line was seen in coincidence with a 
1 020 keV y ray and in the sum—coincidence spectrum corresponding to a total 
energy release of about 1 100 keV. In the present work the energy 94.5 ke\/ was 
determined from the low-energy (singles) spectrum shown in Fig. 2 and also in a 
sum—coincidence spectrum (Fig. 4) corresponding to total energy release of 
about 1100 keV. This experiment was very similar to that of Mead and 
Draper. In Mead and Draper's low-energy gamma spectrum (their Fig. 4), 
an unmarked peak is visible at about channel 309. An energy scale is not given, 
but the K—M X rays in Bi shown at about channel 284 have energies of about 
86.8 ke\T (K—M 11 transition). The peak at about channel 309 must therefore 
have an energy somewhat greater than 86 keV. It may correspond to the 
94.5-keV transition suggested in this work. In Section 3 we have used Mead 
and Draper's a r value for this transition. 
In Part II, using NaT scintillation detectors, a gamma ray was shown to be 
in coincidence with the 400-keV transition in 211 131, having an energy of 650 
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FIG. 12. Decay chain of the active deposit of actinium. 
DAVIDSON ET AL.: DECAY OF ACTIVE DEPOSIT OF ACTINIUM. III 	 2313 
keV, and a transition of this energy appeared to fit quite well into the level 
scheme (Part II, Fig. 11) between the 1060- and 400-keV levels. A reexamina-
tion of the data (see, for example, Fig. 5 of Part II) shows the energy to be 
605 ± 10, not 650 ± 10 keV. Had this error been detected at the time a new 
level at about 1 005 keV would have been proposed. The present decay scheme 
(Fig. 6) reveals the energy of this level to be 1 014 keV and the energy of 
the 'y ray in coincidence with the 404.7-keV -y ray to be 609.0 keV. 
In Fig. 12 the decay chain of the active deposit of actinium is summarized. 
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nucleus appearing in parentheses alongside the energy. The y-rays 10.11) due to the 
active deposit (350.7, 404.7 and 427.0 keY) are easily identifiable. The y-rays at 130.7, 
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Fig. 7. Resolution of 270 keV doublet. The 269.41 keV transition follows the decay of 223Ra, the 
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Fig. 8. Gamma-ray spectrum: high-energy region. 
ibuted. Weak y-rays at 222, 294, 516.5 and 677 keY have also been assigned to the 
iy of 219Rn. The we 7-ray at 439 keY has been assigned to the decay of 215Po. 
se will be discussed in part II. 
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Several regions of interest that cannot be clearly discerned from fig. 3 are presented 
in the next three figures. 
In fig. 4 details of the region 100-400 keY are shown. An additional weak peak at 
106.8 keY not seen in fig. 3 is present. In fig. 5 the region 150-300 keY is shown. The 
weak transitions of energy 176, 177.3, 179.6, 222.0, 251.7, 255, 288 and 294 keY show 
up more clearly. The 350-410 keV portion of a y-spectrum that had been accumulated 
for 56 h (fig. 6) shows two weak y-rays at 376 and 393.5 keY. The peak at 382.5 keY 
is much too strong to be due to 227 Th contamination 
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Fig. 9. Gamma-ray complex 323-350 keV. 
As can be seen in fig. 3 there exists a strong unresolved y-ray doublet at approxi-
mately 270 keY. Since the constituent rays are the strongest transitions in the 223 Ra 
and 2  19R decays respectively, it was important that they be resolved. In fig. 7 the 
two y-rays which were measured with a high-resolution Ge(Li) spectrometer  at 
Chalk River Nuclear Laboratories (1.1 keY FWHM at 100 keV) are seen to be sub-
stantially resolved. The examination of the higher energy region resulted in the '-
spectrum shown in fig. 8. This spectrum shows y-rays at 516.5, 527.0, 598.5, 609, 637 
and 677 keV, the first and last of which are assigned to the decay of 
21 
9 Rn. The high 
continuum is due to the occurrence of higher energy y-rays in the active deposit 
Beyond 700 keY no y-rays that might be assigned to the decay of 223 Ra, 219Rn, o 
21 5 Po were detected. 
The decay of the y-rays was followed over a period of two months and, while it i 
difficult to be certain of the very weak peaks, nothing was observed to conflict wit] 
the conclusion that they fall off in intensity in accordance with the 11 d half-life. 
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In order to evaluate the relative intensities of these y-rays, each peak was subtracted 
from the Compton background and the number of counts totalled. In cases where 
photopeaks coalesced e.g. the 177.3-179.6keV doublet or the complex of y-rays be-
tween 323.9 and 350.7 keV (fig. 9), a proper line shape was fitted to each constituent 
peak before the counts in the peak were computed. The areas of each photopeak were 
recorded relative to the area of the strongest y-ray, namely that at 269.4 keY = 1. 
The relative intensities so obtained were the average of three separate determinations. 
TABLE 2 
Absolute quantum intensities per thousand 223Ra decays 
E1, (key) I, E, (key) 17 E, (key) I,, 
106.8 ±0.2 0.22±0.06 255.0 ±0.6 0.5 ±0.2 371.5 ±0.3 5.4 ±0.8 
110.8 ±0.1 0.56±0.06 269.41±0.03a) 136 	±10 376.0 ±0.3 0.12±0.04 
122.3 ±0.1 13.3 ±1.3 288.4 ±0.3 1.47±0.16 382.5 ±0.5 0.15±0.05 
144.19±O.04) 31.3 ±3.2 323.88±0.o5) 36.0 ±3.6 393.5 +0.5 0.11±0.04 
154.18+0.03 	) 52.3 ±5.2 328.5 ±0.1 1.62±0.32 432.0 +0.6 b) 0.3 
158.62±0.04a) 7.6 ±0.8 333.8 ±0.1 1.24±0.24 444.92+0.07) 12.7 ±1.3 
176.0 ±0.3 
0.43±0.06 
338.3 ±0.1 25.9 ±2.7 488.0 ±0.5 0.15 
177.3 ±0.3 342.9 ±0.1 2.1 	±0.6 527.0 ±0.7 0.7 +0.14 
179.6 ±0.3 1.5 ±0.18 346.8 ±0.3 b) 1.7 598.5 ±0.7 0.93±0.15 
193.0 ±1.0c) 0.1 361.5 ±0.3 0.5 ±0.1 609.0 ±1.0 0.63±0.09 
251.7 ±0.6 0.57±0.2 632.0 ±1.0 0.3 ±0.1 
) Internal conversion measurement. 
b)  Assignment to 223 R uncertain. 
C) 
 Seen only in coincidence with cc-particles, intensity approximate. 
The evaluation of absolute quantum intensities was achieved by the following 
procedure. The 269.4 keY level in 219Rn which receives a negligible y-feed from higher 
levels is populated by an ce-feed of 24* ' 7 % of all 223  R decays. This percentage is the 
mean of the 5.603 MeY ce-intensity determined in the present work and that deter-
mined by Walen et al. (see table 1). Again the depopulation of this level can be as-
umed for these purposes to be exclusively carried out by a transition to the ground 
tate for the only other transition (110.8 keY) has an intensity 04 % that of the 
69.4 keV transition. From the internal conversion studies described later. this 269.4 
eV transition can be taken as Ml since the 2.4 % E2 admixture has a negligible effect 
on the calculation of the total conversion coefficient, aT. Employing the tables of 
Shy and Band 13 ) for the K- and L-shells, the tables of Rose 14)  for M-shell conversion 
dnd allowing for the small N-shell contribution, a theoretical value of aT = 0.817 
Jvas computed for this 269.4 keY transition. 
Now if N7  is the number of 269.4 keY photons and No is the total number of 223  R 
disintegrations, the following equation holds: 
NY (l-i-cx T) = 0.247N0. 
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Hence the absolute photon intensity, 
N7/N0  = 0.247/(1+xT) = 0.136. 
By multiplying all the relative y-ray intensities by this number the absolute quantum 
intensities are obtained. In table 2 all 32 y-rays following 223  R decay and attributed 
to the de-excitation of levels 219Rn are listed. 
5. Coincidence spectra 
Of assistance in the construction of the decay scheme was an -y coincidence ex-
periment where an alpha "gate" was set on all -particles of energy 5.47 MeV and 
hence which populate levels above 400 keY in 219Rn. It was in this region that some 
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the 7-ray of the same energy means that this level does not dc-excite by a ground state 
transition. The 516.5 keY y-ray shown in fig. 8 has consequently been assigned to the 
decay of 21  9R (see part II). 
A y-y coincidence experiment using the NaI-Ge(Li) coincidence system was carried 
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the 223Ra+ 219Rn y-spectrum that was sufficiently. far removed from other intense 
photopeaks to enable clear interpretation of the results. Fig. 11 shows the resulting 
spectrum. The peaks at 130.7 and 222 keVfollow the decay of 219Rn (part II). The 
low-energy region consists mainly of the X-rays in. 15 Po arising from the high con-
version of the 130.7 keY transition which is in cascade with the 271.2 keY transition. 
The 222 keY transition in 215PO is in cascade with th4t at 294 keV which can open the 
X-RAYS + 219, v—r COINC. 
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Fig. 11. Gamma-rays in coincidence with gamma-rays of energy 270±20. 
gate. The 328.5 and 342.9 keV transitions de-excite the 342.9 keY level which is fed by 
the 251.7 keY transition from above. The 177 keY transition is in cascade with the 
strong 323.9 keY y-ray and part of the photopeak of this transition will overlap the 
gate. The 404.7 and 427.0 keY transitions are in cascade in 211 Bi. Both produce a large 
Compton background in the energy region occupied by the gate hence both peaks 
appear. 
6. Electron conversion studies 
The K- and L-subshell conversion lines of the more important transitions following 
decay of 223Ra were studied on the Chalk River irJ2 fl-spectrometer at a momen- 
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Fig. 12. L-conversion lines of 144.2 keV transition. The position of the L 1 line of the 143 keV transi- 
tion reported by Pilger is shown by the letter (A). 
TABLE 3 
Conversion line intensity ratios and multipolarities 
Transition L1/L 11 L1/L 111 	K/EL 	No. of 	Multipolarity Mixing ra •o ö2 
(key) observations 
110.8 0.07±0.05 0.1±0.06 	 1 	 E2 
122.30 7.68±0.40 37 ±7 2 98.2% M1+ 	1.8% E2 0.018 0.006 
144.19 8.20±0.26 48 	±7 	5.53 ±0.20 	3 	98.5 % M1+ 	1.5% E2 0.01540.0O6 
154.18 8.80±0.40 5.85±0.20 3 Ml <0.008 
158.62 6.80±1.32 5.32±0.33 	1 	96.2% M1+ 	3.8 % E2 0.038 
269.41 8.14±0.31 5.50±0.12 2 97.6% M1+ 	2.4%E2 0.025 0.012 
323.88 8.3 ±1.0 5.74±0.24 	1 	97% 	M1+ 	3 	%E2 0.03, 0.07 
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turn resolution of 0.1 %. To determine L I/LIJ and L 1/1, II1  ratios the following proce-
dure was followed. The fl-ray continuum beneath the lines was estimated by taking 
the average of fifty data points on the spectrum just above the L 111 conversion line. 
This background was subtracted and the resulting counts were graphed on semi-log 
paper. The shape of a fully resolved line of the triplet or a nearby fully resolved L-line 
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Fig. 13. L1/L ratios for the 110.8, 122.3, 144.2, 154.2, 158.6, 269.4, 323.9 and 338.3 keY transitions I  in 219Jj and the 130.7 key transition in 215Po. 
Ilevel of 1 % of the peak height. In fig. 12 an example of the fitting procedure is given for the 144.2 keV transition. The upper linear plot of the data reveals immediately the intensity pattern of an almost pure Ml transition. Allowance had to be made in as- 
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signing errors to the intensities of the lines for uncertainties in the line shapes partic-
ularly with respect to the low-energy tails where the lines have been only partially 
resolved. To allow for this uncertainty the probable error in the extrapolation of the 
tails of the lines was set somewhat arbitrarily at ±10 %. Errors in the intensities of 
the L-lines were calculated by combining in quadrature the statistical errors in the 
number of counts in the line and in the background, and the 10 % errors from the esti-
mation of the counts in the tails of neighbouring lines. 
In table 3 the L I/U I, LI/LIII  and K/EL conversion line intensity ratios are tabulated 
for the transitions examined. Where an observation was carried out several times, the 
arithmetic mean value was taken, and the individual errors combined to form a stan-
dard deviation. The K-line of the 122.3 keY transition was not studied because the 
transmission factor of the counter window was not known sufficiently accurately at 
this energy. The L-lines of the 110.8 keY transition were weak so their intensity ratios 
do not have the precision of the other values. 
The L111  subshell conversion lines for the 154.2, 158.6, 269.4, 323.9 and 338.3 keY 
transitions were obscured by 144.2 keY M-shell lines, 144.2 keY 0-shell lines, the L 11 
line of the 271.2 keY transition in "Po, the K-conversion line of the 401.8 keV 
transition in 21 'Po and the N-shell electrons of the 338.3 keY transition respectively, 
so U/L I11  ratios could not be obtained. In each of these cases however, the dominant 
multipolarity was Ml as ascertained from L 1/L 11  and K/EL ratios, so the L 111 line 
intensity cannot be greater than about one sixth of that due to the L 11 line. 
In order to facilitate comparison with theory, L 1/L 11 , L1/L 111  and K/EL conversion 
line intensity ratios were computed from the tables of Shy and Band 1 
3  ) for the partic-
ular energy range under investigation. Fig. 13 shows the theoretical values in graphical 
form for the L I/LII  ratio with the observed values and their error bars superimposed. 
It can be seen that the L 1/L 11  ratio is a sensitive function of small E2 admixture in a 
M1-E2 transition at these energies. All the principal transitions fall into this category. 
The weak 110.8 keV transition is either pure E2 or E2 with a small Ml admixture. 
Similarly fig. 14 shows the predictions of the Shy and Band theory for L 1/L 111 ratios 
and the data points. Here the measurements on the 122.3 and 144.2 keY transitions, 
are extremely sensitive to small E2 admixtures. It can also be seen that while the L 1/L 11 
ratio could not definitely exclude the possibility of an M2 assignment for these two 
transitions, the L I/L IIJ  ratio unambiguously determines them to be predominantly 
Ml in nature. Again the L I/LIII  ratio substantiates the predominant E2 assignment 
of the 110.8 keY transition mentioned earlier. 
The theoretical K/EL ratios and data points for the principal transitions are dis-
played in fig. 15. As can be seen, this ratio is not nearly as sensitive to small E2 ad-
mixtures as the ratios of the L-lines despite the fact that the error bars here are smaller. 
The theoretical values for pure Ml transitions according to Rose 
11) are also included. 
The data points for the 154.2, 269.4 and 323.9 keY transitions are certainly higher than 
the predictions of Sliv and Band, but are close to Rose's curve. The K/EL ratios are 
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the L111  peak was masked by contaminating peaks allowance was made for its contri- 
bution to the YL value. 
By interpolation from figs. 13 and 14 the % E2 admixture and hence the appropriate 
mixing ratio 62 may be computed for each transition. The mixing parameter 
62 is 
related to the E2 fraction  through the relation f=32/(1 +3 2 ). These values appear 
also in table 3. 
The region of electron energies from 40 to 260 keY was scanned to search for pos- 
sible transitions which were not revealed in the y-ray spectrum. 
In the region of electron energies 40-61 keV only the Mines of the 144.2, 154.2 and 
158.6 keV transitions, and the L-lines of the 65.5 keY transition in the 211 Pb decay 
were visible. This latter transition is predominantly Ml. In the region 61-81 keY weak 
KLL- and KLM-Auger lines were visible. 
The Mines of the 177.3 and 179.6 keY transitions were discernible, as were also 
the L-shell electrons of the 110.8 and 130.7 keV transitions. The correct isotopic iden-
tification was arrived at throughout this part of the work by measuring the energy 
differences between the different L-subshell lines. No other electron peaks apart from 
those attributed to the K, L, M, N and 0-shell electrons of the main transitions listed 
in table 3 were seen; No transitions of energy 70-100 keY whose photons might have 
been obscured by the X-rays in the y-spectrum were detectable in the electron spec-
trum. 
7. The alpha-gamma directional correlations 
With a view to determining the nuclear spins of the lower lying levels in 219 Rn, 
three x-y directional correlations were studied. Because of the low efficiency of y-
detection, attention was confined to the two most intense ce-groups, namely those 
feeding the levels at 269.4 keY and 158.6 keY. 
The cc-y directional correlation pattern for the 5.603 MeV o-269.4 keV y cascade is 
displayed in fig. 16. The error bars shown are purely statistical. The correlations on 
the 5.712 MeY -144.2 keY y  and 5.712 MeV c.-154.2 keY y-cascades were measured 
simultaneously. 
Computer fits to the data yielded the experimental coefficients A. of the usual ex- 
pression, W(0) =E,A,,P,(cos 0). These were corrected for finite size of the Ge(Li) 
detector using the attenuation factors of Black and Gruhle 
15) and the mean square 
deviations were calculated according to the procedure of Rose 
16). The final corrected 
coefficients are given in table 4. 
The ground state of 223 Ra on the basis of the 236 keV y-50 keY y directional cor - 
relation following 227Th decay has been established both by Pilger 
1) and Petit 17) 
to have an assignment of +. Since the parent state has spin 4, only one )L-component 
of the c.-particle is possible, ) being the orbital angular momentum carried off in the 
tx-transition. The actual )L-values depend on whether there is, or is not, a parity dif-
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electromagnetic radiations in the examples studied here are of mixed multipolarity L 1 
and L2  (more specifically Ml +E2), the cc-particle angular momentum is pure. 
The theoretical expressions for the angular correlation functions have been fully 
discussed by Devons and Goldfarb 18), Biedenharn and Rose 19) and Frauenfelder 
and Steffen 20) and can be computed readily using the tables of Ferentz and Rosen-
zweig 21). 
Fig. 16. The 5.603 meV cc-269.4 keY ' directional correlation. 
TAELE 4 
Directional correlation coefficients 
cc-y cascade 	 A22 	 1444 
	
5.603cc-269.4y 	 0.195±0.045 ) 	0.005±0.048 
5.712cc— 144.2y 0.322±0.042 —0.074±0.050 
5.712cc-1 54.2y 	—0.099±0.029 	 0.008±0.033 
) The negative sign in refs. 7) is a misprint. 
When the theoretical values of A 22  are compared with the experimental values using 
Fe experimental values of c5 2  given in table 3, two different values of A 22 result pending on the sign of 5. The same results for A 22 occur for both ) = 1 and 2 = 2 waves. The coefficients of A 44 are essentially zero. 
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Consideration is first given to the correlation involving 269.4 keY photons. Recalling 
the triangulation conditions and noting that the correlation is not isotropic, the spin 
of the 269.4 keY level is 4. Two sequences 4---3 and -4-4 satisfy the experimental 
values of A 22 . While the latter cannot be completely excluded, the former is thought 
to be more probable for the following reasons: 
The Nilsson diagram 22) predicts the ground state of the daughter to be 1 ' [6421. 
Nearby states involve spins of 4 or  4 but not 4- or  4. The new diagram 
23) shows many 
more states and, except at small deformations, is more difficult to interpret. Here 
again spins of 4 or 4- appear likely for the seventh neutron beyond the 126 closed shell. 
The intrinsic levels 4(642) and J(63 1) are here but 4(622) and 4(752) are not far away. 
The fit with 4-4-4 is better than with 	4 for the error bars on the experimen- 
tal and theoretical A 22  values for the latter sequence just overlap and no more. 
Petit 24) originally gave the 21  9R ground state as 4 but later this was modi-
fied 25) to 4. Letessier et al. 26.27) also give 4 from a study of the same directional 
correlation. 
For these reasons the 4- value is adopted in what follows. 
No assistance in arriving at this spin is given by the 6.551 MeY c-271.2 keY y direc-
tional correlation in the decay of 219 Rn, for initial spins of 4 and  4- both satisfy the 
observations (part II). All levels up to 338.3 keY are connected by Ml-E2 transitions 
therefore they possess the same (positive) parity. 
The 5.712 MeV c-144.2 keY y correlation gave experimentally A 22  = 0.322 which 
can be compared with the possible theoretical values. The minimum spin for the inter-
mediate level is again 4; the maximum spin is 4- since the 158.6 keY level is connected 
to the ground state of 21 9 Rn by an Ml-E2 y-ray. The only spin sequence that satisfies 
the experimental value is 4-4-4, with negative 6. Hence the assignments proposed for 
the 14.4 keY and 158.6 keY levels are 
The 5.712 MeY c-154.2 keY y correlation gave A 22 = - 0.099. Using the 4- spin 
assignment for the 158.6 keV level determined above, the 4.4 keV level can have only 
a 4, 4- or  4 assignment. The only spin sequence that satisfies the data is 4-4-4. 
As-
suming this 4 assignment for the 4.4 keY level, the 126.7 keY level, which is depop-
ulated by the 122.3 keY Ml v-ray can have a spin of 4, 4- or  4-. Althoughmot seen here, 
Pilger 1) observed a 32 keY transition in his electron spectrum which he found to be 
Ml. This y-ray connects the 158.6 and 126.7 keY levels, and therefore, the 126.7 keY 
level has a spin either of -4 or  4-. 
No correlation was performed on' the 323.9 and 338.3 keY y-rays, but since both 
of these are Ml the spin of the 338.3 keY level is restricted to 4- or  4. 
The assumption has been made throughout that the correlation pattern is not at-
tenuated. This is likely to be true as the y-ray transitions involved are predominantly 
Ml, and in consequence the life of the intermediate state is very short ( 1 ps). 
Serious attenuation is known to occur where E2 y-rays are involved 
28), the lifetime 
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8. Discussion 
8.1. THE V-RADIATION 
In the construction of the decay scheme the level order established by the high reso-
lution x-spectrometer of Walen et al. 4)  was of great assistance in the placement of 














Fig. 17. The decay scheme of 223  Ra as deduced from the present work; 
On the basis of energy considerations with the coincidence data mentioned above 
decay scheme of fig. 17 was evolved. Of the 32 y-transitions shown 29 were seen 
rectly in the Ge(Li) singles spectrum. Of the remaining 3 y-rays - namely the 32, 
3 and 432 keY transitions the following can be said. The 32 keY transition has 
eady been referred to. The weak 193 keY y-ray was only seen in the -y  coincidence 
ctrum (fig. 10). Although a weak (unmarked) 432 keV transition can be just seen 
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on the high-energy side of the 427 keY y-ray in fig. 3, its presence was not always as 
clear in some of the spectra taken (e.g. fig. 8) and in view of this uncertainty, a dashed 
line denotes this transition in the decay scheme. 
Four additional transitions in Pilger's decay scheme were not detected in the present 
work, viz: those of energy 68, 143.1, 440.8 and 580.4 keY. A careful inspection of low-
energy y-spectra (fig. 2) indicated the absence of a 68 keV y-ray. The absence of a 
143.1 keV transition, which is difficult to assess from the y-spectrum because of 
the proximity of the strong 144.2 keV y-ray can be confirmed from the high 
resolution internal conversion spectrum. Since this proposed 143.1 keY transition 
was placed by Pilger between the 269.4 and 126.7 keY levels, the energy value was 
revised to 142.7 keY. A search for the K- and L-conversion lines of a transition . ap-
proximating this energy gave a null result. In fig. 12 the position that the L 1 conversion 
line would have is indicated by the letter (A). If the tentative Ml multipolarity pro-
posed by Pilger were true, L-conversion would take place predominantly in the L 1 
shell. On the question of the existence of the 440.8 keY M2 transition, Pilger gave the 
ratio of the absolute intensities of this transition to the 445 M2 transition as 
1(440.6)11(445) = 0.6/1.4 = 0.43. 
Inspection of fig. 3 shows that if the 440.6 keY '-ray is present in all, it cannot have 
this intensity. A y-ray of 438.9 keY energy exists and has been assigned to the decay 
of 21 1p (part II). On the basis of the work presented here, an upper limit of 0.02 is 
set for the relative intensity mentioned above. 
Pilger observed a 580.4 keY transition, the intensity of which was given as 0.07 % 
of all 223 Ra decays. In fig. 8 the 598.5 keY transition occurs with an absolute photon 
intensity of 0.09 %. From the absence of a 580.4 keV gamma here, an upper limit of 
0.007 Y. is placed on its intensity. 
The proposal of two completely new levels is justified on the following grounds. 
Two y-rays - viz, the 328.5 and 342.9 keV differ in energy by 14.4 keY. Since they could 
not fit into the existing levels and since their intensity was such that none of the ce-feeds 
above the 445 keY level could accommodate them, a new level is proposed at 342.9 
keY. It is essential that this new level be close to a known level with a substantial a -  
feed; if it did not, the c-spectrometry of Walen et al. 
4)  would have revealed the pro-
posed level. Of the 9 Y. feed to the twin levels (342.9 and 338.3 keY) only about 0.45 % 
is required to the 342.9 keY level for a proper population balance. 
The 288.4 keY transition was one of the last to be placed. It appeared in the a - 
coincidence spectrum (fig. 10) and hence must de-excite a level close to 400 keY o 
above. Its intensity is such that it cannot appear above the 445 keY region. In order t 
accommodate it, a new level at 447.0 keY is proposed, which is sufficiently close to th 
445 keY level to receive part of the cx-feed and to remain undiscovered in the -ra 
work 4). 
The tentative level at 38 keV in the Pilger decay scheme was not needed in the plac 
ment of y-rays. It was not seen by Walen and is believed to be absent. 
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The only y-ray in table 2 which has not been placed in the decay scheme is that at 
346.8 keY. Its photon intensity (0.0017 per decay) is such that it cannot de-excite 
levels above 445.0 keY, and it does not fit into the existing decay scheme short of 
postulating yet another new level. This could be either at 346.8 keY, or at 351.2 keY. 
If this y-ray fed into the 14.4 keY level, the initial level would be at 361.2 keY. This 
last level would have been clearly seen from the work of Walen et al., and hence is very 
unlikely. The place of this y-transition in the level scheme remains uncertain. 
8.2. POPULATION BALANCE 
Where v-ray multipolarities are known, the - and y-ray transition intensities are 
seen to produce a balance at each of the levels of the decay scheme. Equally, the pop-
ulation balance enables the multipolarity of several transitions to be inferred. The 
594.6 keY 1,,-vel receives a 0.12 % a-feed. The single de-exciting y-ray of energy 251.7 
keY has a photon intensity of 0.023 % hence OCT = 4.0. The transition must be M2. 
An Ml transition of this energy would have OCT = 0.95. Similar considerations give 
the following multipolarities, 527 keY - M2; 177.3 keY - (Ml +E2); 444.9 keY - M2; 
371.5 keY - (M1+E2). For this last transition Pilger suggested an M2 assignment. 
8.3. NUCLEAR SPINS AND INTERPRETATION OF THE LOW-LYING LEVELS 
The multipolarities and the -y directional correlation experiments suggest that the 
most probable assignments of the spins and parities of the first seven levels in 219 Rn 
are: 3(g.s.); (4.4 keY), 4(14.4 keY), 4- or (126.7 keY), (158.7 keY), 4 
(269.4 keV) and 4 or (338.3 keY) respectively. In addition, the spins of the 376.0 
and 444.9 keY states can be inferred. From the population balance at the 376 keV 
level, it was decided that the 371.5 keY 7-ray was mixed M1-E2. If the 4.4 keY level 
assignment is correctly given as -1+ , the spin and parity of the 376 keY level is restric- 
tedto 4, 	or 4. The fact that there exists as well two y-rays out of this level both 
going to 4 states suggests that the 	assignment is incorrect. Hence the proposed 
assignment for the 376.0 keY level is either 4 or 
The 444.9 keY y-ray appears to be pure M2. A proposal for the 444.9 keY level as-
signment is -, since if the value were less than this, the level would be expected to de-
xcite by an El transition. 
Recently it has been suggested 29) on the basis of -y angular correlation studies 
n the decay of 21  9R that the ground state spin of 21  9R is 4 rather than J. The 
ransition in question is the 6.423 MeV cc-401.2 keY y-cascade, one which was not 
xamined in this work (part II). If this is correct, all the assigned spins of levels in 
19Rn would need to be raised by one unit and in particular the ground state would 
e4. 
The decay scheme in fig. 17 reveals no apparent breakdown of any levels into rota-
t onal bands. Formerly Walen et al. 4) considered a band involving the 158.6, 269.4, 
3 8.3, 594.5 and 712 keY levels. They assumed that the first named level had the 
q antum numbers K = 4, J = 4; however the present data proposes a 4 assignment. 
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A value of { is inadmissible since an isotropic cc-y correlation function would have 
resulted. 
One interesting feature is the high hindrance factor for transitions to the ground 
state triplet. It is unlikely that these are members of a single rotational band and the 
retardation may be arising from the magnitude of the changes in the Alaga quantum 
numbers. The E2 110.8 keY transition between levels of spins I and I again points to 
a collective situation with strong Ml retardation or E2 enhancement. 
In this intermediate region of odd-A nuclei a strong interaction of the intrinsic 
single-particle motions with the collective motions of the entire nuclear core is ex-
pected, but since it is hard to estimate the extent of this interaction and hence to pre-
dict nuclear properties such as spins and energy levels, a considerable amount of 
theoretical work coupled with further experimental analysis of level properties in this 
intermediate region is very necessary. 
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Abstract: Gamma-rays of energy 130.7, 222.0, 271.2, 294.0, 401.8, 516.5, and 677 keV and absolute 
intensity (%) 0.104, 0.028, 9.93, 0.059, 6.48, 0.022 and 0.006 respectively have been observed 
in the decay of 2 ' 9Rn. Conversion electron studies show the 130.7 and 271.2 keV transitions to 
be Ml +25 % E2 and 93.6 % E2+6.4 % Ml respectively. The 401.8,294 and 222 key transitions 
appear to be E2, M2 and E2 respectively. The 6.551 MeV a-271.2 keVy directional correlation 
gave A 22 = —0.108±0.073 and A 44 = —0.170±0.056. The sequence 44 is proposed. 
E RADIOACTIVITY 219Rn, measured E1,, I.,,, I,,,, v(0)  215Po levels deduced J, scc, y-mixing. 
215Po measured It,, £,, 17 . 
1. Introduction 
The ce-decays of 21  9R and 215  Po have been studied by Pilger 1)  and Walen et 
al. 2)  and the level scheme of their daughter products, 215  Po and 211 Pb, thereby de-
termined. In the decay of 219Rn, Braganca-Gil and Petit 3)  and Letessier et al. 4) 
have studied cc-y angular correlations while Pilger examined the y-ray spectrum, find-
ng two transitions of energy 270 and 400 keV. Walen determined ten a-groups in this 
ecay but the work of Valli et al. 5)  on c-y and c-e coincidences indicated the exist-
nce of two more levels in 215 Po. In the ce-decay of 215 PoWalen found two weakly 
populated excited states in 21 'Pb at 438 and 447 keV. In the present work seven 
-rays have been observed in 215 Po following 219 Rn decay. Two of these transitions 
130.7 and 271.2 keY) were examined in conversion on the Chalk River 7zJ2 fl-ray 
pectrometer and their multipolarities determined, and the 6.551 MeV cc-271.2 keV 
angular correlation has also been examined. In the decay of 21 5 Po the 438 keY y-ray 
as been observed but the 447 keY transition is obscured by the strong 445 keV 
ansition in 219 Rn. 
2. 219 gamma-ray data 
In figs. 3, 7 and 8 of part I of this work evidence is advanced for y-ray transitions 
•energy 130.7, 222.0, 271.2, 294.0, 401.8, 516.5 and 677 keY, all of which fit into the 
vel structure of " 'Po deduced from Walen's 2)  a-ray measurements. Using an ap- 
t Now at Nuclear Physics Department, The Australian National University, Canberra. 
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paratus similar to that employed by Pilger 1)  the y-ray spectrum of 219Rn was ob-
tained free from that of 1 13 R (fig. 1). Transitions of energy 131, 271 and 402 keV 
appear. The weak 516.5 keY transition was shown in part I to belong to this decay 
and the decay scheme of fig. 2 shows a population balance at each level between the 
ce-intensities of Walen and the y-ray transition intensities of table 1. This decay scheme 
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Fig. 1. Gamma-ray spectrum of separated source of 219Rj. 
receives further confirmation from the coincidence spectrum of fig. 11 (part I), whi 
shows the strong 130.7 keY y-ray to be in coincidence with photons of energy 270± 
keV. The 222 keV y-ray also appears here for part of the 294 keV photopeak in ti 
Nal y-ray channel would serve to open the gate. 
Conversion electron studies were carried out on the 130.7 and 271.2 keV transitios 
Fig. 3 shows the L-lines of the latter to be in close proximity to those of the 269 
keV transition following the 223  R decay. The L1-1,111 separation is seen to be qui 
different for these two transitions and this was used to distinguish one decay fro 
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Fig. 3. L-conversion spectrum of 269.4 keY transition following 223Ra decay and 271.2 keV transition 
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Fig. 4. L1/1,11 , L 1/L111 and K/F, L values of 271.2 keV transition. 
TABLE 2 
Conversion line intensity ratios in 215 Po 
Transition 	L1/L 11 	 L1/L111 	 KJE L 
(keV) 
	
130.7 	2.4 ±0.5 	 2.8 ±0.4 







ALPHA ENERGY, FEED 
(MEV) 
6.1571 	0.0174% 
6.3103 	0.054 % 
6.4232 7.5 % 
6.5275 	0.120/ 
6.5513 	11.5 % 
6.8175 	81% 
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keV transition is seen to be 93.6 % E2+6.4 % Ml from fig. 4. The consistency between 
I the three sets of data is very good. The data are inconsistent with respect to an E2-M3 
I 	 2 19 R 
7 (3.96s) 
a 
Fig. 2. Level diagram of "'Po. 
TABLE 1 
Absolute photon intensities per 100 decays of" 9Rn 
Energy 	 Relative 	Absolute 
(keV) intensity intensity 
130.7 ±0.1 1.05 0.104±0.025 
222.0 ±0.3 0.28 0.028±0.007 
271.20±0.05 100.00 9.93 ±0.99 
294.0 ±0.3 0.59 0.059±0.015 
401.8 ±0.2 65.20 6.48 ±0.65 
516.5 ±0.5 0.22 0.022+0.005 
677.0 ±1.0 0.06 0.006±0.003 
nixture. In terms of the mixing parameter 
52(2712) = 14.61, 
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The work mentioned in (i) involved the cc-y angular correlation with the 401.8 
keY level as the intermediate state. The spin sequence which best fitted the data was 
3--(2)-4.-y4. If these data are re-analysed with the spin of the 401.8 keV level restricted 
to j-, 4. or - so that a 4. spin for the 271.2 keY level would be possible, the only se-
quence in agreement with Letessier's coefficients is 4.-(4)-4.-(45 % Ml + 55 % E2)-4.. 
It is unlikely that the 401.8 keY transition has so large an Ml component as this. 
Pilger's work indicates 85 % E2 while Valli's value OCK  gives an even higher percentage 
of E2. Moreover, this sequence would make the ground state, and the 271.2 and 401.8 
keY levels all have a spin of 4.. While not impossible, this is somewhat improbable. 
The Nilsson diagram 11 12 ) if assumed valid for this isotope, predicts a ground 
state spin of j- or 4- but not 4.. 
As Walen 2)  has pointed out the fl-decay of 21 5 Bi indicates the spin of 21 5 Po to be 
- and none of the other neighbouring isotopes can assist in resolving the uncer-
tainty in an unambiguous way. In determining the level scheme we have accepted a 
spin of 4. for the 271.2 keY level and a spin of I for the ground state of 215 Po. 
As mentioned in part I, since this work was concluded it has been suggested 13)  thaw 
the ground state spin of 21  9R is 4- on the basis of the 6.423 MeV cc-40l.2 keY 
directional correlation. This leads to spins of 4., and  4- for the ground state 271.2 an 
401.8 keY levels in 21  'Po. This correlation was not studied in the present work and i' 
substantiated would necessitate a revision of the spins of the levels in 219Rn an 
"Po by one unit. / 
4. The level scheme 
This is shown in fig. 2. We have no evidence of y-ray transitions de-exciting leve e 
proposed by Valli it al. 5)  at energies of 606.4, 683.7, 730.3, 833.4, 888 and 1053 ke\,. 
It is noted in each case that the cc-feeds to these levels are weak, ( 4.4 x iO p  
disintegration). The weakest transition to be observed against the background cff 
y-rays from 223 Ra and the active deposit is that of 677 keY (6 x 10 per disintegr - 
tion). Walen 2)  did not observe the cc-groups to the 888 and 1053 keY levels. 
5. The decay of 215Po 
Walen 2)  proposed two excited states in 211 pb at energies of 438 and 447, keY fri 
the decomposition of an cc-group which appeared too broad to accommodate a sin 
cc-transition. The intensities were given as 2.2 x iO and 3.4 x iO respectiv 
We have observed the composite cc-group at an energy of 6.95 MeV when examin 
the cc-spectrum of 213 R at higher energies. Its intensity was iO in reasona 
agreement with Walen's intensity. A photopeak at 438.9 keY is seen in figs. 3 an 
of part I and is attributed to the de-excitation of the former level. Its absolute phol 
intensity was found to be (6.4±2) x iO. Any 447 keY photons would be lost un 
the intense photopeak of the 445 keY transition in 219Rn. 
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which is higher than Pilger's 1) value (4;0) and that of Valli 5)  (8.1) but is lower than 
Letessier's 4)  value (37.5). The data point for the 130.7 keY transition is shown in 
figs. 13 and 14 of part I for the LdLu and LilLm  ratios respectively. The theoretical lines 
for Z = 84 differ from those shown (Z = 86) by only a few percent. It is seen that this 
transition is either El or Ml + 25 ± 5 % E2. The former assignment can be ruled out 
using Valli's 5)  value for ccK(401.8) = 0.040 indicating the 401.8 keV transition to be 
E2 and hence the parity of the 271.2 and 401.8 keY levels to be the same. The present 
data give therefore 52(130.7) = 0.33:. 
The absolute intensity of the strong 271.2 keY transition was calculated from the 
population balance at the 271.2 keY level knowing the multipolarities of the 130.7 and 
271.2 keV transitions. Due allowance was made to the M-shell conversion coefficients 
of Rose 6)  for screening and the N-shell contribution was taken as J that of the M-
shell. The values of the total conversion coefficients were found to be cT(130.7) = 4.6 
and T(271.2) = 0.217 which give Iabs (271 .2) = 0.0993. All other y-ray intensities were 
related to his value. 
- At the 401.8 keV level an intensity balance is achieved only if OCT(40 1 .8) = 0.066, 
orresponding to an ccK of 0.040 (pure E2) which is the value and multipolarity given 
Valli et al. 5).  This agreement is accidental however for errors in the c- and 7-ray Intensities give 0 < OCK < 0.10. The data indicate that the multipolarity of the 401.8 eV transition is dominantly E2 with perhaps some Ml admixture. 
The population balance at the 294 keY level requires that if the 294 keY y-ray is 
he only de-exciting radiation its multipolarity is likely to be M2. For it to be El, E2, 
pr Ml this level would need to feed the 271.2 keY level by a presently unobserved 
3 keY transition. At the 516.5 keY level the population balance indicates the 222 keV 
ransition to be most probably E2. 
The 219 	(6.551 MeV z-271.2 keY y) 215Po directional correlation 
rrelation was examined in the same manner as those reported in part I. The 
values of the correlation coefficients were A 2 2 = -0.108±0.073 and A 44 = 
0.056. The multipolarity of the 7-ray has been determined (above) and in 
suggestion has been advanced that the ground state spin of 219Rn most 
is 4 although the possibility of its being 4 could not be excluded. The theo-
If-life of the intermediate state is 10 10 s so some attenuation is to be ex-
10)  particularly in the A 22 coefficient 7).  Triangulation requirements give 
Df the intermediate state as ~: 4 and exclude 2 = 1 a-waves. If pure and 
vaves are considered the correlation data do not distinguish between several 
ences but if the ground state spin of 21  9 Rn is taken as 4 the most probable 
are 444 or  4-4-4. Of these we prefer the first for the following reasons. 
ssier et al.  4)  show the spin of the 401.8 keY level is 4. This level connects 
71.2 keY level via the 130.7 keY y-transition which has been shown above to 
ninantly Ml. This would rule out the 4 spin value for the 271.2 keY level. 
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Using the - 5.482 MeV ("'Am) and the 5.606, 5.768 and 6.051 MeV (ThC) a-
groups as energy standards, the energies of the 223 Ra a-groups were evaluated from 
the mean of two different determinations. The intensities of the a-feeds were measured 
three times and the mean taken. In table 1, these data are compared with the results 
of other workers. The errors quoted are the standard deviations of the mean. 
4. The gamma-rays following 223 R decay 
In fig. 2 the low-energy region of the y-spectrum including the X-ray region is shown. 
All the peaks here can be attributed to X-rays from the different elements in the decay 
chain. No y-rays were found in the portion of the spectrum below 100 keY. 
360 	E7 	380 (KeV) 	400 
Fig. 6. Detail of gamma-ray spectrum 350-410 key. 
In fig. 3 the y-ray region 100-450 keY is displayed. The photopeak energies quoted 
have been determined from simultaneous calibration with standard sources as well as 
from some precise energy measurements on the conversion lines of the principal tran-
sitions (see table 3). In order to distinguish peaks due to 2 13 R decay, those attri-
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Fig. 1. Alpha-ray spectrum of 223Ra. 
TABLE 1 
- 	Alpha groups of 223Ra 
Energy (MeV) 
ref. 1) 	ref. 4) 	 ref. 3) 	present  
work ') 
Intensity (%) 
ref. 1) 	ref. 4) 	ref. 5) 	 present 
work 
5.867 5.8696 5.868 0.96 0.85 b) 1.5 0.85±0.04 
5.862(?) 
5.853 5.8555 5.854 0.3 0.31 0.32±0.04 
5.830(?) 0.05 
5.742 5.7454 5.754 5.744 10.5 8.85 10.2 9.50±0.58 
5.712 5.7141 5.714 5.712 50.4 52.2 48.0 52.5 ±0.8 
5.602 5.6051 5.605 5.603 23.6 25.3 25.7 24.2 ±0.4 
5.534 5.5376 5.537 5.534 10.3 8.85 10.2 9.16±0.30 
5.497 5.4996 5.498 0.86 0.78 1.3 1.00±0.15 
5.4792 0.008 
5.429 5.43 16 5.432 2.4 2.24 2.5 2.27±0.20 
5.360 5.3636 5.364 0.20 0.108 	1 0.13 
5.334 5.3367 5.336 0.07 0.098 
0.25 0.13 
5.287(?) 5.2853 5.285 1 0.126 	1 0. 16 
5.282 5.2808') 0.3 0.09 C) 0.3 
C)  The error in energy is ±0.003 MeV throughout. 
b)  Intensities adjusted to total 100 %. 
C)  Twelve other groups of low intensity to higher levels are listed in ref. 4). 
364 	 W. F. DAVIDSON AND K. D. CONNOR 
2. Experimental procedures 
The Radiochemical Centre, Amersham, supplied 227Th in equilibrium with its 
daughter products in 7N HNO 3 solution. The 223  R was separated from the 227Th 
by passing the solution through a microcolumn of Dowex 1, 100-200 mesh (X8) anion 
exchange resin which had been equilibriated with 7N HNO 3 . Washing the column 
with 7N HNO 3 eluted the radium and its daughters in equilibrium while the thorium 
remained on the resin. The quality of the separation was attested by the absence of 
the strong 236 keV transition of the 227 Th decay when the eluent's y-rays were exam-
ined. After evaporation to dryness the activity was taken up in 0.5 N HC1 and intro-
duced into a second microcolumn containing Dowex 50 100-200 mesh (X4) cation 
exchange resin which had been equilibriated with 0.5 N HCI. The column was washed 
with HCl of increasing normality until the radium was released. The purpose of the 
second column was to remove residual solids from the radium. For v-ray spectro-
scopy purification by the second column was not needed but sources for cc- or fl-ray 
spectroscopy should be as thin as possible. It was found that cc-spectra derived from 
material which had not been treated by the second column showed much more 
"tailing" of the lines than those whose material had been so processed. Sources for 
cc- and fl-ray spectroscopy were prepared from the purified material by vacuum subli-
mation from a heated tantalum boat. For cc-ray spectroscopy the backings were high-
ly polished stainless steel disks; for cc-y directional correlation studies the cc-sources 
were sublimed onto a circular zone 5 mm in diameter on thin aluminium foil. For #- 
ray work the source was confined to a rectangular area 2 x 20 mm on aluminium discs 
0.2 mm thick. The y-ray spectrum was studied using a 4 mm depletion depth Ge(Li) 
detector which together with a Tennelec preamplifier-amplifier system type TC 
130-200 gave a resolution of 1.7 keV FWHM at 100 keV. This detector also served 
as one channel of a y-y  coincidence system, the other channel of which contained a 
3.8 cm  2.5 cm NaI(Tl) scintillator detector. For coincidence work a conventional 
fast-slow system was employed whose resolving time (2r) was 98 ns. Alpha-ray spec-
troscopy was effected using a Au(Si) surface barrier detector of area 7 mm' while for 
cc-y coincidence and directional correlation studies a similar detector of area 25 mm 2 
was used in conjunction with the Ge(Li) detector mentioned above. 
3. The alpha spectrum 
The cc-spectrum as taken with the 7 mm' Au(Si) detector is shown in fig. 1 where 
the eight most abundant cc-groups can be seen. The 5.868 MeV group goes to the 
ground state of 21 9 Rn, while the 5.432 MeV group populates the 445 keV level. Not 
shown in this figure are three weak cc-groups at 5.364, 5.336 and 5.285 MeV which 
populate respectively levels at 515, 543 and 595 keY approximately. Estimation of the 
intensity of these three groups which were only detected when the spectrum had been 
accumulated for many hours was hampered by the background tail of degraded cc 
particles, which amounts to about 0.1 % of the peak height of an cc-group. 
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THE DECAY OF 223 R AND ITS DAUGHTER PRODUCTS 
(I). The decay of 3Ra 
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Abstract: The Ge(Li) y.ray spectrum of 223 Ra was found to consist of 32 y-rays whose energies and 
absolute quantum intensities were determined. The cc-ray spectrum was studied using Au(Si) 
detectors. Conversion line studies at Pe 0.1 % resolution in momentum on the Chalk River /2 
fl-spectrometer yielded the multipolaritjes of the following more prominent transitions (key): 
110.8 (E2), 122.30(Ml+1.8 % E2), 144.19 (Ml +1.5% E2), 154.18 (Ml), 158.62 (Ml +3.8% 
E2), 269.41 (Ml +2.4 % E2), 323.88 (Ml +3 % E2) and 338.30 (Ml + < 9 % E2). With solid 
state detectors in both channel, cc.y directional correlations on the cascades 5.603 MeV cc-269.4 
keVy, 5.712 MeV cc-144.2 keyy and 5.712 MeV cc-154.2 key1i yielded the following parameters 
respectively: 
	
A22 = 0.195±0.045, 	A 44 = 0.005±0.048; 
A22 = 0.322±0.042, A 44 = —0.074±0.050; 
A 22  = —0.099±0.029, 	A 44 = 0.008±0.033. 
The correlations and multipolarities suggest most probable assignments of the spins and parities 
of the first seven levels in 219Rn as 4(g.s.), 	(4.4 keY), f(14.4  key), 	or f(126.7  keV), 
(158.6 key), U(269.4 key) and or (338.3 key) respectively. A decay scheme involving 
19 excited states is proposed. The introduction of two new levels at 342.9 keY and 447.0 keV 
is discussed. 
E  I RADIOACjflvjy 223 R [from 226Ra(n, y)227Ra; 227 R 227Ac 227Th 4. 223Ra]; measured E7 , I,,, ia,, Ea, 'a'  yy-, ccy-coin, 0(y (0). 219Ri deduced levels, J, n. y-multipolarities. 
1. Introduction 
Previous studies on various aspects of the decay of 223Ra (AcX) have shown its 
complexity. A decade ago, Pilger 1) made the first definitive analysis of the decay. 
Other workers 25) contributed to and extended our understanding of this isotope 
while Kirby 6) determined the half-life with precision as 11.4346+0.0011 d. The 
present paper reports - and )'-ray studies, -y coincidence and directional correlation 
W 
 ork and an examination of the conversion electron spectrum undertaken on the 
Chalk River t.J2 fl-ray spectrometer, a verbal report of which has already appeared 7). 
Since this work was concluded two further studies have come to our attention 8.9) 
he results of a study of the decays of 219Rn and 21  'Po are presented in part If 
t Now at Nuclear Physics Department, The Australian National University, Canberra. 
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The 234.9 keV y-ráy. This Ml y-ray was not seen directly in the y-spectrum due to 
the proximity of the strong 236 keY photopeak, but it is well established from elec-
tron conversion work 14)  The 234.9 keV level receives a 1.27 Y. cc-feed and is popu-
lated by the 141.2 and 134.6 keY transitions from the higher levels. It is de-excited by 
transitions of energy 234.9, 184.8, 173.4 and 205.0 keY, the latter Ml transition being 
very weak. The 173.4 transition is thought 1314)  to be Ml. Conversion lines for the 
141.2, 134.6 and 184.8 keV transitions have not been reported. From the population 
balance at the 234.9 keY level, the intensity of the 234.9 keY y-ray is found to be 0.004 
per 227Th decay. 
The support of the National Research Council of Canada and the University of 
Manitoba Research Fund is gratefully acknowledged. One of us (W.F.D.) is indebted 
to the National Research Council for a scholarship. We are grateful to the members 
of the Orsay group, Drs. R. J. Walen, C. Briancon and their co-workers, for communi-
cating their results to us prior to publication, and we are also indebted to Dr. W. 
Gelletly, now at Brookhaven National Laboratory, for communicating some of his 
data to us. 
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be evaluated as follows: 
2.4 = N1 ,(1+cT,)+N120 +cT2 ) 
= 8.5 N71 +1.3 N72 ; 
also 
0.65 = N71 +N72 , 
where N71 is the percentage of E2 transitions and N72 the percentage of El transi-
tions. 
This yields N71 = 0.22 % and N72 = 0.43 %. 
The problem of the intensity balance at the 174.6 keV level would then be resolved. 
Gamma rays of energy 300 keV. The 299.8 keV 7-ray fits very well between the 
329.7 and 29.9 keY levels, yet a transition of 299 keY was observed in coincidence 
with the 50 keY 7-ray. This could not be the 299.8 keY 7-ray, therefore a second tran-
sition of energy 300 keY is suggested between the 350.6 and 50.1 keY levels. The 
K-conversion line corresponding to a 300.3 keY transition has been seen by Vieu 14) 
and placed between these levels in his decay scheme. The coincidence spectrum in 
fig. 10 shows the 299 and 292 keY 7-rays (both feed the 50.1 keV level) to be approxi-
mately equal in intensity. Hence the 299 keY 7-ray (more precisely 300.3 keV) has an 
intensity of 0.0004. Therefore the intensity of the 299.8 keY 7-ray is more properly 
0.0186-0.0004 = 0.0182 (table 1). 
The 432.4 keY 7-ray. This transition together with 7-rays of energy 382.2 and 56.1 
keY de-excites the 432.4 keV level. The 56.1 keY transition should not be confused 
with the 56.5 keY transition. The former was not observed in this work but has been 
seen in conversion 12)  The 56.5 keY transition has been observed in conversion and 
in coincidence in the present work. The energy fit is very good, but the 432.4 keY y-
transition appears to be j -* i.e. M3. Its intensity is irreconcilable with such a 
multipolarity, yet apparently the 7-ray cannot be accommodated elsewhere. Also the 
only place the 56.1 keY transition can be accommodated is from this level. Its multi-
polarity has been given as Ml + E2, and this is not compatible with the parities as-
signed to the levels involved. The level at 432.4 keY seems to be quite definitely the 
third member of the (631) rotational band, yet its spin and parity () appear to 
create problems. Perhaps the level is a doublet but this is speculative. 
The 314.8 keY 7-ray. The multipolarity of this 7-ray has not yet been reported. 
I 
the present work, the transition has been placed between the 314.8 keY level and 
he ground state. The Orsay group suggests that it de-excites the 376.3 keY level. 
here are at present few arguments, which would enable us to decide between these 
wo interpretations. 
The 438 keY y-ray. This transition de-excites the 568 keV () level. Therefore, 
he spin of the 130 keY level is more likely I or I rather than 1. 
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Coriolis coupling of the levels of the 	band to the corresponding levels of all neigh- 
bouring K = 4- bands. From the Nilsson diagram 22),  there exists a 1(770) and a 
remote 4-(761) state. The full energy equation yields A = 9.4 keY, B = 0.012 keY 
and C = —0.04 keV. According to Valentin "'), the decoupling parameter is negative 
for the 4-(770) band. This is in keeping with the negative value of C. Levels whose 
probable spin is 4- with negative parity are shown in fig. 9, but it is not known at this 
time to which the assignment 4-(770) should be given. 
7. Discussion 
7.1. THE DECAY SCHEME 
The decay scheme of fig. 9 shows 84 transitions de-exciting 31 levels in 223 Ra. There 
is a substantial amount of agreement between the French group 13.14)  and the present 
work as to the placement of most of the v-rays. The multipolarities of many of the 
transitions are known; 11 transitions are masked (and therefore are not revealed in 
the present y-spectra), but they have been well established in internal-conversion stud-
ies and are shown in dashed lines. In table 1, 25 y-rays are reported for the first time and 
are placed in the level scheme. Practically all the transitions are observed to fit to 
within ±0.2 keY in the decay scheme. The multipolarities determined by the Orsay 
group permitted the population balance at the various levels to be obtained. This 
enabled some y-rays to be placed unambiguously in the level scheme. 
7.2. NOTEWORTHY y-RAYS 
The 113.1 keY y-rays. The 113.1 keY y-ray is believed to be the sum of three com-
ponents. First of all the 113.1 keY transition fits the decay scheme admirably between 
the 174.6 and 61.5 keV levels. It is reported 13)  to be E2 for which OCT  is about 7.5. 
This creates an impossible population balance at the 174.6 keV level for the photon 
intensity is 0.77 %, while the ce-feed 7)  to this level is 2.4 %. Moreover, a 113 keY y-ray 
from the 442.7 keY level appears in coincidence with y-rays de-exciting the 329.7 keY 
level (gates at 236 and 325 keY). The unresolved ce-feed to the combined 442.7 and 
444.8 keY levels is 0.17 %. Apart from the 113 keY transition de-exciting these levels, 
by far the strongest is the 383.3 keV y-ray whose total transition intensity is about 
0.05 % per decay. Therefore approximately 0. 12 % is carried away by this 113 keY 
y-ray. To consider the worst case, were this to be by photon transitions entirely, at 
least 0.65 % of the 0.77 % total intensity of the 113 keY transition would have to be 
placed elsewhere in the scheme. The 174.6 keY level de-excites predominantly by a 
113.1 keY transition. Hence 2.4 = NY (l+c T) and OCT  is about 7.5, therefore N = 
0.28 %. Consequently of the 0.77 % total intensity, 0.37 % of the 113.1 keY photon 
intensity remains unaccounted for. The Orsay group proposes that the 174 keV level 
is double 25)  one level de-exciting predominantly by a 113 keY E2 transition and the 
other by an El transition. Accepting this suggestion, which cannot be said to be proved 
but which is in accord with this discussion, the intensities of these two transitions can 
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level is seen although the levels go up to 386 keY [ref. 21)]•  The description of the 
ground state of 223 Ra, viz. 1 '(640), is in complete accord with the Nilsson diagram 
for the 135th neutron. 
6.2. THE (631) BAND 
This band is based on the 286.1 keY level and receives the favoured x-feed (log 
F = 0.75) from the parent nucleide. Its description is therefore the same as that of 
the ground state of 227Th. The present work is in complete accord with the inter-
pretation given by Vieu 14),  which for completeness will be summarized here as his 
thesis has not been published at the time of writing. 
The band consists of the following levels 286.1 keY (c), 342.9 keY (p), 432.4 keV 
( 7 ') and 568 keV (c). If the level energies are fitted to the adiabatic equation 
E1 = E0 +AI(I+1)+B[I(I+1)]2 , 
we have A = 9.66 keV and B = +0.13 keV. 
The positive B-value is attributed to the effects of Coriolis coupling. Where two 
bands exist with AK = 1 and the same parity, levels of the same spin in the two bands 
can couple. An extra term 22)  of the form +C(—l) (I-4)(I+4)(f-i--) appears 
in the equation for E1 for bands of K = 4 and K = , where 
C = aA  
Iw 
Here a is the decoupling parameter of the K = 4 band, A the rotational constant 
h 2/2 5, W the energy of separation of the 4 and I bands and <I j + I i> the Coriolis 
matrix element between the two bands. The coefficient C is the sum of a number of 
terms of the type written above representing the coupling of all K = 4 bands in the 
vicinity of the(631) state to this state. The contributions of the various K = 4 
states will vary widely with the largest effects in general coming from nearby (small W) 
bands having a large decoupling parameter and also a large Coriolis matrix element 
coupling them to the K = - band. 
In the above equation, C and a must have the same sign. Here they are of opposite 
sign. Consequently there must exist another K = 4 band with a negative value of a. 
According to Vieu 14)  the 369.4 keV level may be the basis of the 4(651) state which 
would have the desired effect. The present work is in agreement with a 4 4 assign-
ment to this level because the three y-rays dc-exciting this level terminate on levels of 
spin 4 or 1 . In the full energy expression for E1 , A = 10.5 keY, B = 0.095 keV and 
C = —0.035 keV. 
I 6.3. THE (761) BAND 
This band is shown in fig. 9. The basis of theassignment is the multipolarities 
and reduced transition probabilities of the y-rays de-exciting the 329.7 keY level. The 
situation here exactly parallels the previous band with a positive value of B indicating 
358 	 W. F. DAVIDSON AND R. D. CONNOR 
and is de-excited by two y-rays of energy 72.9 and 117.2 keY. The former is weak 
(0.029 %), while the latter has an intensity of 0.18 %. The only multipolarity for the 
117.2 keV transition which is compatible with the population balance is El. The spin 
and parity of the 123.7 keY level are 4, and the 130 keV level de-excites to the 123.7 
keY level by way of the 6.3 keY (El) transition. Hence the 130 keY level is < 4- and 
the 247.3 keY level < . 
4 = 8.43 
A= 8.42 keV 	
8=- 0.038 
B -0.035 keV a= 0.207 
a 0.21 
keV FORMULA keV 
15/2 405.2 387.5 405 
3/2 	 .-. - 329.7 
315.8 310.5 I/2,3/2 314.8 3/2 
- 
-Ij- 
11/2 247.1 256.4 9/2 4 247.3 - 
-- 	. 	 o 
9/2 174.6 1742 9/2k - _._ 174.6 
(0W 	
- - 130.0 
7/2 	 24.9 	124.8 	7/2 k 	 - - - 24.9 
5/2 I 	 - - - 123.7 
Q 
79.8 
5/2 	 61.51 	61.5 	5/2- 	- - 61.5 
3/2 	 29.90 	29.9 	3/2k 	 - - - 29.9 
1/2 I/2(640) 	 0 	 0 	I/2 - 	0 
ORSAY (VIEU, THESIS 1966) 	 PRESENT WORK 
Fig. 12. The ground state rotational band in 223Ra according to the present work and also according 
to Vieu 14). 
It is agreed that the spin and parity of the 329.7 keY level are 4-. It is here suggested 
that the only place the 14.8 keY (El) transition can fit into the decay scheme is between 
this level and the 314.8 keV level. This would make the spin and parity of the 314.8 
keY level 4-, 4- or  4-k.  If the 314.8 keV y-transition de-excites this level to the ground 
state, its multipolarity from the population balance and parities is likely to be Ml. 
Hence the spin and parity of the 314.8 keY level are likely to be 4- or  4 and not -. 
Up to the present, no y-rays have been observed de-exciting the 405 keY level. We 
are therefore unable to comment on its possible spin value. 
For these reasons, it is suggested that the ground state rotational band ceases at 
174.6 keY (4-k).  The a-feed to this level is 2.42 %. In a somewhat comparable situation, 
the 4-(631) band in 239Pu ceases at 193 keY (i+)  with an x-feed of 0.7%, and no 
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TABLE 4 
li-rays in coincidence with 236±15 key photons 
Possible gating photons 
(key) 	 234.9 	 236 	 250.1 	 252.5 
43.7 	 ± C) 
50.1+49.9 	 + 
56.5 	 + C) 
62 +) 
79.8 	 + b) 
84 . 	 + 
94 	 +) 
113 + 
134.6 	 + 
141.2 + 
) Here portions of the 210.6 and 218.9 keY photopeaks can also contribute to the gating. 
b) Here part of the 254.2 key photopeak can open the gate also. 
C) Here part of the 256.2 keY photopeak can open the gate also. 
5.3. GATE ON 325+25 key PHOTONS 
Genuine coincident y-rays are seen at 50, 79.8, 84, 94 and 113 keV. Gamma rays of 
energy 292.4, 296.4 and 319 keY are in coincidence with a 50 keY transition. The 319 
keY transition is within the gate and portions of the photopeaks of the 292.4 and 
296.4 keY y-rays will also overlap the gate. The 79.8 keY y-ray is in coincidence with 
the 296.4 keY y-ray. Again the 84 keY y-ray appears, this time in coincidence with the 
296.4 keY y-ray. A 94 keY y-ray also appears which must be different from that placed 
between the 123.7 and 61.5 keY levels. It is suggested it appears between the 423.7 
and 329.7 keY levels. The 113 keY y-ray is in evidence here too, thus strengthening 
the earlier suggestion for placing it. 
6. Rotational bands in 223 R 
Three of the rotational bands proposed by the Orsay group are shown in fig. 9. 
These are the ground state band -(640), the band based on the 286.1 keY level 
(631) and the band based on 329.7 keY level (761). 
6.1. THE GROUND STATE ROTATIONAL BAND 
For the ground state rotational band, the scheme proposed by Vieu 14)  is presented 
in fig. 12 with that proposed on the basis of the present work. There is no disagreement 
at all up to and including thelevel at 174.6 keY. Beyond this, it has been suggested 
[refs. 1314)] that the 247.1, 315.8 and 405.2 keY levels have spins of-v-, - and -v-. 
respectively. From the present investigation, it is suggested that the spin and parity 
of the 247.1 keY level are :f ~- . The reasoning is as follows: This level, while not 
receiving any detectable y-feed from higher levels, is populated by an c&feed of 0.31 % 
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5.1. GATE ON 50+10 keV PHOTONS 
This coincidence spectrum is shown in fig. 10. In table 3 all the genuine coincident 
y-rays are given with the particular y-ray (namely the 49.9, 50.1 or 62.2 keY rays) 
which is considered to open the gate. All the f-rays feeding into the 79.8 keY and 50.1 
keY levels (see decay scheme, fig. 9) with the exception of the very weak y-rays are 
present. The 62.2 keY transition opens the gate for all y-rays entering the 123.7 keY 
level, viz, the 206.0, 210.6, 218.9 and 252.5 keY y-rays. Other transitions and their 
gating radiations are referred to in the table. 
TABLE 3 
Gamma rays in coincidence with 50± 10 keV photons 
Gating radiation 
(50.1 -- 0) (78.8 —* 29.9) 



















Via 6.3-62.2 keV cascade. 
See sect. 7. 
5.2. GATE ON 236±15 keV PHOTONS 
In table 4 are given the coincident y-rays and the possible y-rays near 236 keY that 
are observed to open the gate. Considerations of space do not allow the presentation 
of this and subsequent coincident spectra. Suffice to say that a hitherto unobserved 
84 keY y-ray appears to be in coincidence with the 252.5 keY y-ray. Such a transition 
fits between the 460.4 and 376.3 keY levels. The 56.5 keV y-ray (seen in conversion by 
Briancon) also appears as does a 113 keY y-ray which is placed between the 442.7 
and 329.7 keV levels. 
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There is reasonable agreement on most of the more intense peaks in the region 
200-350 keV. However, there exists discrepancies as to the existence of some y-rays. 
For instance, the presence of a 246 keV )'-ray (intensity 0.0013 or 0.013) has been 
reported. In fig. II, this energy region is shown on a linear scale. If Treherne and 
Vieu 10)  were correct, the 246 keY y-ray should have a height equal to that of the 
arrow in the figure. In the present work an upper limit on the intensity of any y-ray 
in the neighbourhood of 247 keY is placed at 0.0003. In table 2, upper intensity limits 
on the possible existence of eight previously proposed y-rays in 227Th decay are given 
according to the present work. 
TABLE 2 
Upper limits on the intensities of previously reported y-rays in ' 27Th per 227Th decay 
(key) 
Intensity limit Ref. 13) Ref. 10) 
246 < 0.00030 0.0013 0.0130 




371 <0.00005 0) 0.0004 0.0004 
393 < 0.00003 0.00008 
396 < 0.00003 0.00011 
404 <0.000050) 0.00040 0.0004 
415 <0.00003 0.00010 
445 < 0.00010 0) 0.00060 
a) Limits determined from y-spectra taken with freshly purified 217Th. 
A 324 keV transition occurs in 223 Ra decay. There is a strong 404 keY transition 
in the active deposit (21  '13i)while transitions of energy 371 and 445 keY are known 20) 
to occur in 219Rn following the decay of 223 Ra. This could explain in part at least 
why larger intensities have been reported for these transitions b014).  The upper limits 
on these three y-rays were obtained from spectra (not shown here) using freshly puri-
fied 227Th and counting for only 40 min to avoid build up of the daughter products. 
5. Gamma-gamma coincidence spectra 
The coincidence equipment mentioned earlier was employed to aid the placement 
of some of the y-rays in the decay scheme. Although gating was done with narrow 
windows, it was always possible for one of several y-rays to open the gate. 
Three different Nal gates were used, namely 50± 10 keY, 236± 15 keY and 325 ±25 
keY. Each different coincidence spectrum was taken at least twice as a reproducibility 
check. A typical sample of the data is displayed in fig. 10. The coincident y-rays are 
labelled with energies derived from an ungated singles spectrum. Those peaks labelled 
with an (A) are considered to be accidental. 
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the 296.4 keY photons are in coincidence with the 49.9 keY photons. The fact that in 
the coincidence spectrum, the intensities of the 292.4 to 296.4 keY y-rays are in a ratio 
1 to 4.4 rather than the ratio 1 to 10.8 which is observed in the singles spectrum in-
dicates that there are 10.8/4.4 or 2.46 more 50.1 keY y-rays than 49.9 keY y-rays. The 
absolute intensities therefore of the 50.1 and 49.9 keY y-rays are 0.031 and 0.013, 







220 	230 	240 	250 	260 
PHOTON ENERGY IN key 
Fig. 11. Portion of 227Th V-spectrum  showing absence of a previously proposed y-ray in the neigh- 
bourhood of 247.3 keY. 
The 62.2 keY transition should not be confused with the 61.5 keY E2 transition to 
the ground state. The latter transition has aT = 150, and its photons were not detect-
ed in this work. We have no evidence for the fairly intense 70 keY y-ray observed 
by Yieu i4) 
There is good agreement on the intensities of the 79.8 keY and 94.0 keY y-rays. An 
approximate intensity is given for a y-ray of energy approximately 100.0 keY. Most of 
the peak at 100 keY is due to the K-M X-rays. However, on comparing the ratios of 
the K-M and K-N X-rays for 227 Th and for 223 Ra, there was a 10% enhancement of 
the 100 keY peak in the 227Th spectrum, which was attributed to the presence of a 
100 keY y-ray. The existence of an E2 y-ray of this energy was suggested by Treherne 
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peak was eliminated by placing the source at the side of the Ge(Li) detector. On the 
intensity of the composite (49.9+50.1) keV photopeak, there is a discrepancy 
amounting to a factor of two between the present work and that of the Orsay group. 
1—V COINCIDENCE SPECTRUM 	227Th 
GATE 	50 ± 10 key 
K3 K3 
K-M (X-RAYS) 
79.8 	94 	K-N 	 B/Sc and COMPTON 
11 7 / 
	
of 236 
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270(A) 292  
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CHANNEL 	 NUMBER 
Fig. 10. Gamma-gamma coincidence spectrum of 227Th, gate on 50± 10 keY. 
A careful analysis of three measurements led to the value of 0.044 photons per 
decay for this composite group. The individual intensity components can be derived 
from inspection of fig. 10, where the coincidence spectrum (gate on 50 keY photons) 
is shown. The 292.4 keV photons are in coincidence with the 50.1 keY photons, and 
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3/2 [631] 
It is seen that there exists some disagreement as to the intensities of the 40.2 and 
43.7 keY y-rays. Vieu 14)  gives an intensity 90 times greater than the present value for 
the former transition and an intensity 18 times greater for the latter. It should be re-
membered that the 50.1 keV transition has a strong backscatter peak in this region 























Fig. 9. The final decay scheme, showing levels 	568 key and the de-exciting transitions in 223Ra 
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TABLE 1 (continued) 
351 
Present work Vieu Treherne and Vieu 
E., I, Accuracy Ey 17 E, 17 
(key) (%) (key) (key) 
292.4±0.2 0.00039 20 
296.4±0.2 0.00420 10 296 0.004 	±0.001 296 0.004 ±0.001 
299.8±0.1 0.01860 10 300 0.024 	±0.002 300 0.024 ±0.002 
304.4±0.2 0.00890 10 304 0.010 	±0.003 304 0.010 ±0.003 
312.6±0.2 0.00430 10 313 0.0050 ±0.0010 313 0.008 ±0.002 
314.8±0.2 0.00390 10 315 0.0055 ±0.0012 316 0.003 ±0.003 
319.4±0.2 0.00020 15 324 
{ 327 
0.0010 ±0.0003 
324 0.001 ±0.0003 
329.7±0.1 0.02370 10 330 0.029 	±0.005 331 0.029 ±0.006 
334.2±0.1 0.00865 10 334 0.011 	±0.002 335 0.011 ±0.002 
342.4±0.1 0.00330 10 343 0.0050 ±0.0005 343 0.0048±0.0005 
346.5 ±0.2 0.00005 50 
350.6±0.2 0.00118 10 351 0.0019 ±0.0002 351 0.0018±0.0002 
362.3 ±0.3 0.00005 30 
369.4±0.3 0.00006 30 370 0.0004 ±0.0001 371 0.0004±0.0001 
376.0±0.3 0.00006 30 
382.2±0.3 0.00006 50 
383.3 ±0.2 0.00044 20 384 0.0009 ±0.0002 384 0.0007±0.0001 
393 0.00008±0.00004 
398.9±0.4 0.00009 50 396 0.00011±0.00006 
404 0.00040±0.00010 404 0.0004±0.0001 
415 0.00010±0.00005 
432.4±0.3 0.00007 30 433 0.00010±0.00005 
438.0±0.3 0.00007 30 
442.8±0.3 0.00004 30 445 0.00060±0.00005 
sition intensity (electron + gamma) carried off by the 286.1 keV and 256.2 keY tran-
sitions, the number of 236.0 keY photons per 227Th cc-decay was found to be 0.1035. 
In establishing the area of the 236.0 keV photopeak, allowance had to be made for 
the contribution of the weak but completely unresolved 234.9 keY transition. The 
photon intensity of this weak transition is determined in sect. 7 as 0.004 per 227Th 
decay. 
The absolute quantum intensities derived from the relative y-ray intensities are the 
average of at least two and in most cases three independent determinations. The in-
tensities quoted in table 1 for y-rays below 50 keY are to be regarded as approximate 
only. 
The 29.9 keV and 31.6 keY y-rays form a cascade to the ground state. Their multi-
polarities are (91 % Ml +9 % E2) according to Briancon and Frilley 12)  and hence 
re very highly converted (cc T  > 250). They were detected in the upper spectrum of 
g. 2. The photon intensities found for these transitions are in accord with the cc-feeds 
o the 29.9 and 61.5 keY levels when account is taken of the conversion coefficients 
nd the y-ray balance at the levels in question. 
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TABLE 1 
Absolute quantum intensities following 227Th decay 
Present work 	 Vieu 	 Treherne and Vieu 
Ey IV  
(key) 





































252.5 ±0.2 0.00110 
254.2±0.2 0.00460 
256.2±0.1 0.06030 
262.9 ±0.2 0.00100 
272.5+0.2 0.00480 
279.5 ±0.2 0.00039 
281.3±0.1 0.00170 
283.8 ±0.3 0.00066 
286.1 ±0.1 0.01500 
Accuracy 	Ey 	 17 	 E7 	 IV  
(%) (key) (key) 
39 0.009 	±0.003 
44 0.014 	±0.004 
' 44 0.012 ±0.008 
10 
50 0.090 	±0.005 50 0.090 ±0.005 
10 62 0.005 	±0.0015 61 0.007 ±0.002 
30 
30 70 0.005 	±0.002 
10 80 0.020 	±0.006 80 0.032 ±0.011 














20 205 0.0012 ±0.0002 
205 0.0034±0.0003 
20 0.0022 ±0.0003 
10 210 0.0080 ±0.0012 210 0.008 ±0.001 
20 
15 219 0.0020 ±0.0006 
30 
5 236 0.097 	±0.007 236 0.100 ±0.005 
246 0.0013 ±0.0003 245 0.013 ±0.003 





10 256 0.058 	±0.010 256 0.057 ±0.005 
15 263 0.0019 ±0.0004 




10 0.0018 ±0.0005 281 0.0030±0.0007 
50 
10 286 0.017 	±0.002 286 0.018 ±0.001 
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Fig. 8. Details of y-ray photopeaks in the energy range 279-287 key. 
4. Gamma-ray data 
In table 1, the 67 y-rays found in the present work are listed in order of increasing 
energy together with their respective absolute quantum intensities. The energies of 
many of the more intense gamma peaks are determined to ±0.1 keY. In the same 
table, the y-ray data of Vieu 14)  and Treherne and Vieu 10)  are listed for the sake of 
comparison. 
In anticipation of the discussion of the decay of 227Th, the final decay scheme 
showing the y-rays de-exciting the levels in 113 R is presented in fig. 9. The basis of 
the decay scheme was the level structure in 1 13 R defined by the a-ray data of Bastin-
Scoffier and co-workers 7)  taking into consideration the previous work of Pilger 6) 
and Petit 19) 
To establish the absolute quantum intensities, the strongest transition at 236.0 keV 
was used as the reference y-ray. Along with the weaker 286.1 keY (Ml) and 256.2 keV 
(E2) transitions, this 236 keY (El) y-ray de-excites the 286.1 keY level. This level, 
which is the basis of the rotational band receiving the favoured o-feed, has an a - 
population of (20.3 ±0.1) %. All the other much weaker y-feeds (fig. 9) in and out of 
his level are ignored for the purposes of deriving these y-intensities. The multipolari-
ies of these transitions have been well established from the electron conversion work 
f Pilger 6)  and Briancon and Yieu "). After making allowance for the total tran- 
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Fig. 7. Details of ?-ray  photopeaks in the energy range 250-257 key. 
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PHOTON 	ENERGY 	IN key 
Fig. 4. Portion of 117Thy-spectrum in the energy region 360-470 keV. The 393, 396 and 415 keV 
y-rays observed by Vieu et al. 13)  are absent. Photopeaks due to daughter products are labelled with 




20 	 140 	 160 	 ISO 	 200 
PHOTON 	ENERGY 	IN 	keV 
S. Portion of 227Th y-spectrum in the energy region 120-206 keY. The hump at the left end of the 
rum is due to the backscatter peak and Compton edge of the intense 236.0 keY y-ray coalescing. 
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227Th having energies of 134.6, 141.2, 162.2, 164.8, 168.6, 173.4 and 184.8 keY can be 
clearly observed. 
The peak at 94 keY has been shown to the double in fig. 3. The detail around 210, 
250 and 280 keV is shown in figs. 6-8. 
10  
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Fig. 3. The 127Th y-spectrum below 410 key as taken with the Ge(Li) spectrometer. (Photopeak 
due to daughter products are labelled with the parent element in parentheses.) 
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counter if the radiation enters from the side. This is demonstrated for this particular 
counter in the twofold increase in the 62.2 keY peak and the sevenfold increase in the 
50.1 keY peak of the upper spectrum relative to the lower spectrum of fig. 2. Photo-
peaks of energy 29.9, 31.6, 40.2 and 43.7 keV can now be observed, of which all ex-
cept the 40.2 keY transition had previously been observed only in conversion 12). 
The 40.2 keY transition is here reported for the first time. 
These low-energy y-rays are important in the interpretation of the level scheme. 
They have been shown not to be spurious. To show the peaks of fig. 1 were not photon-
induced X-rays from the counter walls or surroundings the corresponding spectrum 
of 223 Ra was taken. This proved to be a broad peak centred at 10 keY resembling 
the dashed curve of fig. 1. No other details appeared. The upper and lower spectra of 
fig. 2 were obtained within a short time of each other, therefore the details of the upper 
spectrum cannot be considered to be of spurious electronic origin. To be seen at all in 
the photon spectrum, these low-energy transitions must be El and the intensities 
given (table 1) for these y-rays are in accord with the observation t  that no strong 
M-conversion lines appear in the fl-spectrum for these transitions. Detailed considera-
tions of the intensities and counter efficiencies including that of the detector of the 
Chalk River 7r\/2 fl-ray spectrometer 18)  which recorded the electron spectrum in-
dicate the intensities of the 14.8, 8.3 and 6.3 keY transitions to be ~ 0.0018, 0.0014 
and 	0.0001, respectively. 
3.2. THE COMPLETE y-RAY SPECTRUM 
In fig. 3, the exceedingly complex y-spectrum of 227Th is shown for energies <410 
keY. Photopeaks known from previous work 15.20)  to occur in the decay of 223Ra 
and its daughters have been labelled in parentheses. While giving a general view, this 
figure does not reveal the detail of the y-spectrum to any extent nor does it enable all 
the y-rays to be clearly presented. Regions of interest which are not clear in this figure 
will be presented separately. 
In fig. 4, the portion of the V-spectrum in the energy region 360-470 keY is shown. 
Although a single V-ray at 376 keY is indicated, several y-rays may be present in close 
proximity to one another. The resolution of the present equipment is not sufficient to 
define this region precisely. While a earch was made up to 1000 keY for weak T-rays 
which might de-excite directly the weakly cc-populated levels discovered by the Orsay 
group (intensity 10 5 10_ 6  per 227Th decay at energies > 550 keY), none was ob-
served. They might not exist, or they may be obscured by the high Compton continuum 
of the higher-energy V-rays in the active deposit. No y-rays attributable to the decay 
of 227Th were observed above 442.8 keY. 
The portion of a 227Th V-spectrum from 120-206 keY is shown in fig. 5. In this 
pectrum, which was accumulated for about 12 h, the strong V-rays of 22  3Ra at 144.2 
eV and 154.2 keY can be seen. Hitherto unreported y-rays following the decay of 
t We are indebted to Dr. W. GelletIy for communicating his 9-ray data to us. 
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Fig. 1. The 227Th low-energy y-spectrum as observed with a proportional counter. Also shown are 
X-ray energy calibration lines. 
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Fig. 2. Region of 227Th y-spectrum below 80 key. (A) Source at side of Ge(Li) detector, (B) Source 
at front of Ge(Li) detector. Note the presence of y-rays of energy 29.9, 31.6, 40.2 and 43.7 keV. 
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photopeaks in their respective spectra. A Nuclear Data Analyser (ND-160F) was 
used for pulse-height analysis. 
Coincidence studies using a hybrid NaI(Tl) detector - Ge(Li) diode system were 
carried out with the NaT channel selecting the gating radiation. The conventional fast-
slow coincidence circuitry had a resolving time 2r = 35 nsec. At the counting rates 
normally employed, the ratio of chance to real coincidences amounted to only a 
few percent. 
Sources of highly purified 227Th were purchased from the Radiochemical Centre, 
Amersham, England, in 7N HNO 3 solution. The active material was added to an ion-
exchange glass microcolumn containing Dowex 1(X8)100-200 mesh anion resin which 
had been carefully equilibrated with 7N HNO3 . The thorium adhered to the resin 
column, while 223  R and other daughter products were eluted by continual washing 
with 7N HNO3 . This washing continued for several hours to remove the last vestiges 
of 223 Ra. Finally the thorium was released from the column by the addition of dis-
tilled water. Thin sources each several pCi in strength were prepared on cellulose foil 
from this material. 
3. Experimental results 
3.1. SPECTRAL REGION < 80 key 
A typical proportional counter spectrum for this region is shown in fig. 1 together 
with the X-ray lines used for energy calibration. The relatively strong 50 keY y-tran-
sition appears much reduced in intensity as the counter efficiency falls rapidly for 
energies > 5 keV. It is important to show which of these peaks correspond to nuclear 
y-rays and which are L X-rays for in radium the L X-rays occur in the region 10-19 
keY. The most intense L X-rays to be expected are the L ill —M(L), L111 —N(L 2 ), 
L11 —M1 (L) and Ljj —Niv(Ly ) lines. 
These intensities have been measured for thorium by Allison 16.17),  and it has been 
assumed that the relative intensities of the various X-ray lines from radium are similar 
to those from thorium. By using these relative intensities and the known efficiency of 
the counter as a function of energy, the expected pattern of LX-rays can be construct-
ed and fitted to the graph in fig. 1 as shown in dashed lines. The L, X-ray is the 
strongest, and in radium occurs at an energy of 12.3 keY where a peak is observed in 
the spectrum. It is here assumed that this peak consists entirely of X-rays. The 6.3 
and 8.3 keV peaks are therefore interpreted to be nuclear y-rays as is also about half 
of the intensity of the 14.8 keY peak. 
In fig. 2 is shown the corresponding energy region as observed with a Ge(Li) detec-
tor. The lower spectrum was that obtained with the source placed in front of the detec-
tor. The source was then moved to the side of the detector, and the upper spectrum 
was obtained. The counting times were adjusted to give approximately the same num-
ber of counts in the 79.8 keY peak in each spectrum. The much greater detail of the 
upper spectrum is at once apparent. Low-energy radiations can be heavily attenuated 
by the germanium "dead layer" at the front of the detector which they do not en- 
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Abstract: Using sources purified by ion-exchange techniques, a study of the p-spectrum of 217 T 
has been undertaken using an argon-filled proportional counter, a high-resolution Ge(Li) 
spectrometer and a hybrid NaI–Ge(Li) coincidence system. A total of 67 y-rays has been ob-
served, 25 of them for the first time, and their energies and absolute quantum intensities mea-
sured. Upper limits have been placed on the intensities of eight y-rays reported previously but 
not observed here. A decay scheme involving 31 energy levels in 223Ra is presented. 
E 
	RADIOACTIVITY 227Th [from '26Ra(n, V)217  	227 Ra f-s. 227Ac f-s. 227Th]; 
measured E1, I,, yy-coinc. 223Ra deduced levels. 
1. Introduction 
Recognition of the complexity of the ct-decay of 227Th has evolved slowly during 
the last 35 years 1_8).  Studies have also been conducted on the y-ray and internal 
conversion spectrum 56).  During the last three years, the group at Orsay has studied 
this decay extensively 9_14).  Independently, the present authors using a Ge(Li) spec-
trometer had engaged in a study of the 227Th y-spectrum at a higher resolution than 
hitherto reported, and a thin-windowed proportional counter enabled the y-spectrum 
at very low energies to be observed. The present results confirm much of the work of 
the group at Orsay but is at variance with some of their conclusions. 
2. Equipment and preparation 
Gamma rays in the spectral region below 60 keY were observed using a proportion-
al counter of conventional design. The beryllium window was 0.125 mm thick. The 
filling gas was a mixture of 90 % argon with 10 % methane at atmospheric pressure, 
and the counter was operated at 1800 V. The resolution (FWHM) at 14 keY was 2.5 
keY. A lithium-drifted germanium detector (Model LG 1.5-4) of 4 mm depletion 
depth and having a resolution of 1.7 keY at 100 keY was used to determine the y-ray 
spectrum. As described below, the energy range was extended down to about 14 keY. 
The photopeak efficiency calibration was effected in a manner already described 15) 
using "'La and 178Ta. The efficiency calibration was extended down to 30 keY using 
the ratio which the intensity of K X-rays in 103  Hg,  13  'Cs and 118 T bears to the 
Now at Australian National University, Canberra. 
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ON THE CAREFUL DETERMINATION OF GAMMA-RAY ANGULAR 
DISTRIBUTIONS IN (, xny) REACTIONS: EXAMPLE OF THE 
116W (at, 7ny) '183  Os REACTION 
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RAINER M. LIEDER and APOSTOLOS NESKAKIS 
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Using the reaction ' 86W(, 7ny) 1830s as an example the measurement and analysis procedures of y-ray angular distributions follo- 
wing (tx, xn) reactions are outlined and discussed. Special emphasis has been devoted to the factors influencing the accuracy that 
can be obtained in such y-ray angular-distribution measurements. 
0 . Introduction 
In recent years there has been a great deal of interest 
in in-beam studies of y-rays following (x,xn) and 
(heavy-ion, xn) reactions on medium-mass and heavy 
nuclei1' 2). From these y-ray spectroscopic investiga-
tions important information on new levels as "Well as 
on new bands in the resultant nuclei can be obtained. 
While the details of the y decay and the level' schemes 
generally result from y —y coincidence studies, informa-
tion on the angular momenta of new levels can only 
be obtained from measurements of the angular distri-
butions of the y rays and hence such measurements are 
indispensable in in-beam spectroscopic studies. 
Many of these y-ray angular distributions show 
large anisotropies resulting from the fact that the 
incoming projectile brings in a large orbital angular 
momentum, and that a compound nucleus is formed 
with its angular-momentum vector aligned in a plane 
perpendicular to the beam direction'). The decay of 
he compound system, initially by evaporation of 
neutrons and subsequently through the emission of 
y rays, has little influence on this alignment so that the 
lower-lying states of the final nucleus still possess a 
large alignment. This gives the possibility to measure 
angular distributions of the y transitions connecting 
these states. The angular distribution of the y rays is 
given by: 
W(0) = A 0 +A 2 P2 (COS  O) + A 4 P4 (cosO). 
The angular distribution coefficients A 2 1A 0 and A 41A O 
are completely determined by the substate population 
* On leave of absence at: Cyclotron Institute, Texas A & M 
University, College Station, Texas 77843, U.S.A. 
** Preent adress: Institut Laue-Langevin, B.P. 156, 38042 
Greftoble Cedex, France. 
of the initial state and the angular momenta of the 
initial and final states as well as the multipole mixture 
of the y  transition. The determination of spins and 
multipolarities from the experimental angular-distri-
bution coefficients requires knowledge of the substate-
population distribution. If the detailed mechanism is 
known, the distribution of the substate population can 
be calculated. However, since our present knowledge of 
these feeding processes is incomplete, the assumption is 
generally made that the population distribution of the 
initial state has a Gaussian form4' 5). 
In this paper we report on angular-distribution 
measurements of y rays in the nucleus 18305  which was 
excited through the (a, 7n) reaction at E5 = 90 MeV. 
Since the 9/2" [624] band in 183 0s receives the strong-
est population, the present report is concerned ex-
clusively with this 9/2 k [624] band. Levels of this band 
up to a spin value of 33/2, have been reported recently 
in the literature 6).  In the present work the 9/2' [624] 
band was observed up to a spin value of 41/2. The 
purpose of this paper is to show that angular distri-
butions can be measured with a considerable degree of 
accuracy, even in the case of (a, 7n) reactions where 
rather complex y spectra are encountered. 
2. Experimental methods 
The angular-distribution measurements were carried 
out using the external a-beam from the Jülich iso-
chronous cyclotron JULIC. The target station is 
located in a vault separated from the cyclotron by 
4.0 in of concrete. No beam-defining collimator is 
located in this vault. Beyond the target station the 
beam is transported to a well-shielded Faraday cup 
located 4.0 m downstream. In this way the background 
due to neutrons and y rays could be maintained at 




H. M. JAGERetaI. 
target. The beam, which has an emittance of 20 mm 
mrad. can be focussed so that the resulting beam spot 
on the target is about 2 mm in diameter. 
The target chamber, which is an aluminum cylinder 
of 30 cm diameter, is mounted centrally on a rigidly 
secured angular-distribution table of 100 cm diameter. 
The target chamber has a uniform window of 0.5 mm 
aluminum. Because of the large diameter of the 
chamber, detectors could be positioned at any angle 
between 90° and 165 0 with respect to the beam direc-
tion. The target was mounted on a rigid rod at a 
fixed angle with respect to the beam axis. It was 
possible to adjust the target within close tolerances 
along the central axis of the angular distribution 
apparatus. 
Three Ge(Li) spectrometers were mounted on the 
angular-distribution table. Two of these detectors 
were mounted at a distance of 34 cm from the target 
spot on arms which could be rotated between 90° and 
165° around the central axis of the apparatus. In order 
to detect possible asymmetries, one Ge(Li) detector 
was placed on the right side and the other on the left 
side with respect to the beam line. The Ge(Li) detectors 
were coaxial single-open-ended detectors manufactured 
by Philips. One detector had an active volume of 
62 cm' and a resolution of 1.95 keY fwhm at 1332keV; 
the other detector had an active volume of 66 cm' and 
a resolution of 2.6 keY fwhm at 1332 keY. The third 
Ge(Li) detector (planar, 10 cm' active volume) was 
kept at a fixed angle of 45° to the beam axis and served 
as a monitor detector. All three Ge(Li) detectors were 
surrounded with 5 cm thick Pb shielding in the front 
part of which a conically-shaped hole was made to 
permit only those y rays coming directly from the 
target to enter the active volume of the Ge(Li) detectors. 
Three different procedures were used for the 
normalisation of the y spectra collected at various 
angles in the movable Ge(Li) counters. These proce-
dures were: 
Normalisation against a monitor peak produced in 
the spectra of the movable Ge(Li) detectors. 
Normalisation against selected y peaks in the 
monitor spectra measured simultaneously. 
Normalisation against the X-ray peaks, which 
arise from the bombardment of the target material, 
in the spectra of the movable Ge(Li) detectors. 
Using the first method a monitor peak was produced 
in the spectra of the movable Ge(Li) detectors as 
follows. A portion of the y spectrum in the monitor 
counter was selected using a single-channel analyzer, 
the output of which was used to trigger two indepen- 
dent pulsers. Their output pulses were fed into the 
preamplifiers associated with the two movable detec-
tors. In this way the area of the pulser peaks appearing 
in the y spectra contained all the information necessary 
to correct for fluctuations in the beam intensity and 
for the dead time in the whole electronics including 
that of the multichannel analyzer. Thus the area of 
these monitor peaks serves to normalise the y spectra 
collected at different angles. In -this method wide 
portions of the monitor spectrum were chosen to 
avoid that any slight shifts coming from the electronics 
could vitiate the monitoring. 
Using this simple method it was found that normal-
isation corrections precise to a few percent could be 
achieved. Slight deviations can be attributed to the 
fact that within the selected wide portion of the monitor 
spectrum y lines arising from induced radioactivitS 
and from the decay of isomeric states in the target can 
also contribute. Their intensities have a time depen-
dence associated with the characteristic half-lives of 
the isotopes concerned. However, this drawback can 
be avoided using the second method outlined above, 
where the monitor spectra are measured simultaneously 
in digiplex mode in the same multichannel analyser. 
Then individual y peaks known to come directly from 
the reaction can be chosen for normalisation purposes. 
The above two methods rely on the fact that the 
angular-distribution apparatus has no instrumental 
anisotropy. This was tested using a point source of 
' 82Ta mounted at the position of the target spot. 
Deviations from isotropy were found to be less than 
2%. 
The third method, namely that of normalising 
against the X-ray peaks, utilizes the fact that these 
X rays are emitted isotropically from the target. 
Corrections have to be made for absorption of th 
X rays in the target. The magnitude of the correction 
depends on the angular position of the detector since 
the angle of the target with respect to the beam axis 
was kept fixed at a value of 45°. 
The y spectra collected in these experiments were 
analysed off-line using a PDP-15 computer. The 
spectra were analyzed using a modified version of the 
computer code SAMPO described in ref. 7. To deter-
mine the areas and locations of the peaks, standard line 
shapes were fitted to them after subtraction o? the 
background. The standard line shape was composed-
of a Gaussian curve joined to an exponential tail in 
the low-energy side of the peak. The shape parameters, 
viz. Gaussian width and location of the joining point, 
were determined from the same spectra by anal yzing 
peaks known to be single lines. In these angular- 
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distribution measurements the spectra for all six 
angles were analyzed simultaneously. The regions for 
the background fits and for the fitting of the photo-
peaks were then always chosen to be identical for the 
six spectra. In the analysis of multiplets and the weaker 
photopeaks the following procedure was adopted. The 
spectra for all angles were summed together to improve 
the counting statistics considerably. The multiplets 
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Fig. 1. , 'Gamma-ray spectrum following the bombardment of a 
186W target with 90 MeV a particles. Transitions in 1830s are 
assignedwith their respective energies. Transitions in 182,1840S 
are labelled, respectively, with filled and open circles. 
more precise values of their centroids. These centroids 
were then held fixed during the fitting procedure in the 
analysis of the angular distributions. 
The normalized photopeak areas at all angles were 
fitted using the method of least squares to the angular-
distribution function given by: 
W(0) = A 0 +A 2 P2 (COS  8) + A 4 P4 (COS O). 
The coefficients A 0 give the relative intensities of the 
y rays, after correction for the efficiency of the Ge(Li) 
detector. 
3. Results 
As an illustration of the procedures described in the 
previous section we have chosen the reaction ' 86 W 
(c,7ny)' 83 Os carried out at an c energy of 90 MeV. 
The target material, enriched to 96.1% in 186 W, was 
deposited in oxide form with a thickness of 10 mg/cm 2 
onto a 3 im mylar foil. 
A y spectrum resulting from the 186 W(o,xn) reaction 
at E0 = 90 MeV as measured with the 62 cm 3 Ge(Li) 
spectrometer is displayed in fig. I. Transitions in 
182, 183, '
840s have been identified using previously 
published results 6 ' 8 ' 9), as well as results obtained in 
our y—y coincidence measurements in the case of 
18305 It can be seen that all three Os nuclei are 
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Fig. 2. Analysis of a multiplet at E2 '-394 key. An octuplet has 
been fitted to the data using a line shape consisting of a Gaussian 
curve joined to an exponential tail on the low-energy side of the 
peak. The dashed line indicates the background used in the fit. 
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in fig. 1 is very complex and contains a considerable 
number of closely spaced and unresolved y lines. As an 
example the analysis of a multiplet containing eight 
partially resolved lines at E,-.394 keY is shown in 
fig. 2. 
The level scheme for 183 0s was established from 
y—y coincidence studies and is shown in fig. 3. The spin 
assignments given in fig. 3 are based on the angular-
distribution measurements described here. 
The angular-distribution data were collected over a 
24 h period. The y spectra taken with the high-resolu-
tion 62 cm' Ge(Li) detector consisted of three complete 
sets of measurements at angles between 90° and 165°, 
in 15° steps. At each angle the measurement lasted 
approximately 80 mm. On the other side of the beam 
line the data were taken with the 66 cm  Ge(Li) 
detector at angles between 90° and 1500,  again in 150 
steps. The detectors were placed at a distance of 34 cm 
from the target. Using an cc-beam intensity of about 
2 nA, a resulting y-ray counting rate in each detector of 
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Fig. 3. Partial level scheme of 1830s. 
in-beam measurements was 2.0 keY fwhm at 700 keV 
for the 62 cm 3 Ge(Li) detector, which because of the 
experimental conditions is somewhat worse than the 
nominal resolution. 
Measuring the angular distribution on both sides 
of the beam line offers the possibility to check whether 
instrumental anisotropies exist under experimental 
conditions. In table 1 the A 2 1A 0 and A 4/A 0 coefficients 
are listed for some of the relatively strong y lines 
appearing in the 62 and 66 cm' detectors. The angular-
distribution coefficients for both detectors agree 
within the statistical uncertainties, although the A 2 1A 0 
coefficients are systematically slightly larger for the 
62 cm' detector than for the 66 cm' detector. The mean 
deviation between the angular distribution coefficients 
derived from the two detectors was A (A 2 /A 0) = 0.02 ± 
0.0 1, and A(A4/A0)=0.00±0.03. 	
. 41 
The final angular distributions for 20 y transitions 
appearing in the level scheme of ' 830s (fig. 3) are 
shown in fig. 4. These angular distributions were 
obtained using the high-resolution 62 cm 3 Ge(Li) 
detector. Consideration of fig. 4 discloses that there 
are two types of angular distributions. One type has a 
strong positive anisotropy characteristic of stretched 
quadrupole transitions with spin change 41= 2; the 
other type shows a very strong negative anisotropy 
characteristic of dipole transitions with spin change 
41= 1, having an appreciable amount of quadrupole 
admixture. The final angular-distribution coefficients 
are presented in table 2. For y transitions with E< 
180 keY the angular dependence of the absorption in 
the target has been taken into account. Corrections for 
the finite solid angle subtended by the detectors at the 
target spot were calculated according to the method of 
Krane t0) and were found to be negligibly small. 
The uncertainties of A 2 1A O and A 4 1A 0 given in tabl 
consist of the root-mean-square value of the statistic 
error as well as the systematic error A (A 2 /A 0) = 0.02, 
and A (A 4/A O) = 0.03, as concluded from the results 
given in table 1. 
4. Discussion 
The angular-distribution coefficients given in table 2 
constitute a consistent set of results in the following 
sense. The angular distributions of all the y rays were 
derived from analysis of one complete set of dyki 
using exactly the same normalization throughbut. 
Consequently transitions of the same type should ha ,ve 
similar A 2 1A O and A 41A 0 coefficients depending n the 
substate-population distribution of the initil state 
and the multipole admixture of the transition. From 
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TABLE I 
Comparision of angular-distribution coefficients measured on both sides of the beam line. 
62 cc Detectora 	 66 cc Detectora 	 b 	 b 
E 	 A 2/A 0 	 A4/AO 	 A 2/Ao 	 A 4/A o 	 LI (A 2/A o) 	LI (A 41A a) 
273.5 	 0.21±0.01 	-0.06±0.01 	 0.19±0.01 	-0.04±0.01 	 0.02±0.01 	-0.02±0.01 
322.3 0.30±0.01 -0.07±0.01 0.29±0.01 -0.07±0.02 0.01 ±0.01 0.00±0.02 
409.8 	 0.32±0.01 	-0.08 ±0.01 	 0.28+0.02 	-0.09±0.03 	0.04±0.01 	0.01 ±0.03 
534.0 0.33 ±0.01 -0.09±0.01 0.31±0.01 -0.11±0.02 0.02 ±0.01 0.02±0.02 
718.2 	 0.03 ±0.01 	-0.04±0.02 	0.00+0.03 	-0.01±0.05 	0.03 ±0.01 	-0.03 ±0.05 
a The 62 cm3 and 66 cm3 detectors have been mounted, respectively, on the left and on the right side of the beam line with respect to 
the beam direction. 
0 Difference of angular-distribution coefficients measured with the 62 cm 3 and 66 cm3 detectors. 
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Fig. 4. Experimental angular distributions of y transitions in 1830s measured in the 186W(x, 7n) reaction at E. = 90 MeV. The 
solid curves are fits of the angular-distribution function 
W(0) -A0+A2P2 (COS  i9)+A4P4  (COS  Q) 
to the ëxperimentàl data points. 
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TABLE 2 
The y-ray energies, y intensities, angular-distribution coefficients, multipolarity and width of Gaussian substate population distribution 
in the 186W(x, 7n) reaction at E = 90 MeV. 
Transition I, A21Ao A41Ao Multipo- 
larity 
96.3 1112 +...+ 9/2 + 1.9 ±0.3 -0.55 ± 0.03 -0.01 + 0.04 Ml + E2 -0.65 ±0.22 
I22.7 13/2+-*11/2± 4.0±0.4 -0.47+O.02' -0.01 ±0.03d Ml +E2 -0.42±0.14 
156.2 15/2+-.13/2± 3.4±0.4 -0.57+0.02 0.02±0.03 MI +E2 -0.42±0.14 
166.0 17/2+-->15/2+ 3.0±0.4 -0.60±0.02 0.02±0.03 MI + E2 -0.33 ±0.08 
187.4 19/2+--*17/2 1.3±0.3 -0.56±0.04 0.00±0.06 M1+E2 -0.27±0.06 
222.4 21/2+--*19/2+ 1.3±0.3 -0.55±0.04 -0.05±0.06 M1+E2 -0.23±0.05 
3045c1 23/2+->21/2± 1.0±0.3 _0.35±0.04d 0.00±0.06' Ml +E2 -0.18±0.06 
(A 2/A 0)C 	1 (A4/A 0)C 
219.3 13/2+- 	9/2+ 1.4+0.3 0.26±0.04 -0.08±0.06 E2 2.6±0.3 2.5±1.0 
279.1d 15/2±-*11/2± 3.8+0.4 0.24±0.02d -O.O6±O.OY' E2 3.1 ±0.3" 3.0±0.7' 
322.3 17/2+--*13/2 6.1 +0.5 0.30±0.02 -0.07±0.03 E2 2.6+0.3 2.7±0.6 
388.7 19/2+-.15/2± 4.5+0.5 0.32±0.02 -0.06±0.03 E2 2.9+0.3 
-is  
409.8 21/2+-.17/2+ 5.4+0.5 0.32±0.02 -0.08±0.03 E2 2.9+0.3 3.0±0.7 
491.4e 25/2±-*21/2 3.5±0.4 3.3±0.9 
491.6e 23/2+-.19/2+ 
+ 7.7 	0.7 I ± 	0 0.3 	0. 2 ± -0.08 	0.03 E2 
574.5 29/2-->-25/2 2.8±0.4 0.29±0.03 -0.12±0.05 E2 4.3±0.7 -f 
588.2 2712±->23/2± 2.1+0.4 0.28±0.04 -0.12±0.06 E2 4.6±0.9 -f 
656.7 33/2+-+29/2± 1.7±0.3 0.32±0.04 -0.14±0.06 E2 3.9± 1.2 -f 
677.3 31/2+-.27/2+ 1.3+0.7 0.33±0.05 -0.05±0.07 E2 3.6±1.7 -f 
729.7d 37J2+-.33/2± 0.8±0.3 0.24±0.06d 007±009 E2 6.8±1.7" _f 
756.6 35/2+-+31/2± 0.6±0.3 0.29±0.09 -0.17±0.13 E2 5.4±2.5 
776.6 41/2+-->37/2± 0.5±0.3 0.36±0.12 0.06±0.17 E2 3.4±3.0 - 
y energies accurate to ± 0.2 keV. 
b The E2/M I mixing ratio 3 has been determined for the I-+I- I transitions using the width of the Gaussian substate-population 
distribution as derived from the stretched E2 transitions deexciting the states of spin I. 
C Width of Gaussian substate-population distribution, calculated for stretched E2 transitions from A2/Ao and A41Ao, respectively. 
d Line contaminated. 
e Lines form unresolved doublet. 
Uncertainty of A41A0 coefficient too large. 
inspection of table 2 it can be seen that, for instance, 
the angular-distribution coefficients of all the dipole 
transitions have about the same values, with the 
exception of the coefficients for the 122.7 and 304.5 keY 
y lines, which are contaminated by other lines: If the 
latter two transitions are disregarded, the A 2 fA 0 and 
A 41A O coefficients agree within one standard deviation 
with the mean value of A 2 1A O = - 0.57 +0.01, and 
A 4 1A O = 0.00±0.02. Similarly it can be seen that for 
the case of the stretched quadrupole transitions the 
A 2 1A O and A 4/A 0 coefficients agree within one standard 
deviation with the mean value of A 2 /A O = 0.31 ± 0.02, 
and A 4/A O = - 0.09±0.02, excepting the 279.1 and 
729.7 keY transitions, which are contaminated. 
The width a of the Gaussian substate-population 
distribution of the initial state can be determined for 
stretched quadrupole transitions where spins and 
multipolarities are known. In the upper portion of 
fig. 5 the theoretical angular-distribution coefficients  
have been plotted as a function of a, together with 
the experimental values of A 2 1A O and A 41A O for the 
322.3 keY y transition, this latter transition bei 
chosen for the sake of example. The a values of thi 
transition obtained for A 2 1A 0 and A 4 /A O agree within 
statistical uncertainty. This agreement is expected if 
the assumption is correct that the substate population 
of the initial state has a Gaussian distribution. There-
fore the agreement of a(A 2 1A 0) and cr(A 4/A 0) pro- , 
vides another check on the internal consistency of the 
angular-4istribution coefficients derived from the 
present experiment. The a values for A 2 1A 0 and 
A 4 1A O of the 322.3 keY transition derived from fig. 5 
are given in table 2 together with the a (A 2 /A O) values 
of all other stretched quadrupole transitions. The 
a(A 41A 0) values have been determined only for the 
strong transitions for which the A 41A O coefficients 
have small uncertainties. For all the strong transitions, 
where the values of a(A 2 1A 0) and a(A 41A 0) hac been 
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Fig. 5. In the upper portion the theoretical angular-distribution 
coefficients of the 17/2+-*13/2+ stretched E2 transition are 
plotted vs the width or of the Gaussian substate-population 
distribution of the initial state. The experimental angular- 
distribution coefficients of the 322.3 keV transition are indicated 
to determine the width a of the 17/2 + state in 1830s. In the lower 
portion the width cr,determined from the A/Ao coefficient 
normalised to the initial spin is for all stretched E2 transitions 
plotted against the spin of the initial state. 
determined, these values agree with each other within 
statistical uncertainty. This is expected and has been 
discussed already for the 322.3 keV transition. 
The values of cr(A 2 1A 0) normalized to the initial 
pin have been plotted against initial spin for all 
stretched E2 transitions in the lower portion of fig. 5. 
It can be seen that a(A 2 1A 0)1I is about constant. 
From this result it must be concluded that the align-
ment of the initial states does not change very much 
with angular momentum. A more detailed analysis 
of this result has to consider how the alignment of 
the states is affected by side feeding as well as by direct 
feeding through the y transitions between states 5). 
The transitions with spin difference 41 = I are Ml 
transitions with an E2 admixture. The E2/Ml mixing 
ratio 6 can be determined, since the substate-popula-
tion distributions of the initial states are known. The 
values of 6 are given in table 2 for the mixed M I /E2 
transitions. It can be seen that the E2 admixture 
decreases with increasing spin. The precise exper-
imental determination of the E2/M1 mixing ratio 6 
is very valuable, since it makes possible a comparison 
with theoretical predictions and provides, therefore, 
a sensitive test of the wave functions entering the 
theoretical calculation"). 
In summary the present results show that in an 
(/x,7n) reaction where the y spectra encountered are 
often very complex, it is still possible to determine 
meaningful angular distributions of the y transitions. 
The values of the angular-distribution coefficients in 
table 2 give an indication of the precision one can 
obtain in such measurements. 
The authors are indebted to Messrs. A. Retz and 
U. Rindlleisch and the technical staff of the Institut für 
Kernphysik for the construction and manufacturing 
of the angular correlation table. For the design and 
manufacturing of the electronic control devices for 
the experimental set-up we would like to thank Messrs. 
J. Bojowald, R. Nellen and M. Pflaum. 
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EVIDENCE FOR STRONG VARIATION OF THE MOMENT OF INERTIA AT 
HIGHER ANGULAR MOMENTA IN THE GROUND STATE ROTATIONAL 
BANDS OF 158 Er AND 166 Yb 
H. BEUSCHER, W. F. DAVIDSON, R. M. LIEDER and C. MAYER-BORICKE 
Institut fur Kernphysik, Kernforschungsanlage Julich, 517 Jülich, West Germany 
Received 29 May 1972 
High-spin rotational states in 158 Er and 166 Yb have been studied with the (a, 8n) reaction. In the plot of the 
moment of interia associated with these states versus the square of the rotational frequency, S-shaped curves were 
obtained. 
Recently some interesting experimental studies on 
the properties of the ground-state rotational bands in 
several doubly-even deformed nuclei in the mass range 
A = 158-168 have been reported [1-4]. From these 
studies a common, rather anomalous feature emerges, 
namely that if the nuclear moment of inertia defined 
by 0 = hJI(I -+1)1w is plotted as a function of the 
square of the rotational frequency defined by w = 
dE/fl dJI(I+  1), then a sharp sudden increase of U at 
higher angular momenta states is noticed. 
In particular, in the nuclei 158 Dy and 160 Dy an 
"upbending" effect at an angular momentum of 14 h 
in the plot 0(w 2 ) was observed [1, 21. More recently 
the work of Thieberger et al. [31 has shown that in 
158 Dy the curve starts to bend forward again beyond 
I = 18+. In the nuclei 162 Er at spin value 14 and in 
164 Yb and 168 1-If at spin value 12 k , the curves in the 
0(w 2 ) plot were discerned to bend backwards [2,4]. 
In this communication we report on the two nuclei 
158 Er and 166 Yb showing that the curves not only 
bend backwards at a spin value of 12' and 14 re-
spectively, but eventually bend forwards again beyond 
spin values of 16+  and  18+,  respectively, so that com-
plete S-shapes result.. More specifically in both nuclei 
the curve actually bends forwards and downwards 
which is a hitherto unobserved feature. 
Prior knowledge on the ground-state rotational 
bands in 158 Er up to the 12 state has been reported 
in the literature [5-7] . The 166 Yb ground-state rota-
tional band is known with reliability up to the 12 1  
state from previous electron conversion work by 
Stephens et al. [8] 
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Fig. I. Background-corrected y-y coincidence spectra gated 
with the t - 0' and 16k -. 14 transitions in 158Er. The coin-
cidence efficiency is approximately constant in the range of 
channel numbers 250 to 800, and drops off below channel 
250 so that the 2k-. o transition is reduced in intensity. In 
the lower spectrum every two channels are summed to improve 
statistics. 
In our experiments 90 to 103 MeV a-particle beams 
from the Jülich isochronous cyclotron JULIC were in-
cident on self-supporting enriched metallic foils 
(a 4 mg/cm 2 ) of 162 Dy and 170 Er so that the (a, 8n) 
reaction predominated. The resulting 7-rays were 
detected inbeam with various Ge(U) spectrometers. 
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Table 1 
Energies (in keV) and angular distribution coefficients of rotational transitions 
' 58E 
	 166 Yb 
Transition E..a) 	A2 	 A4 	 E..,,a) A 2 	 A4 
f- 	0 192.0 0.27 ± 0.02 -0.05 ± 0.04 102.2 0.25 ± 0.03 -0.11 ± 0.04 
4 f 335.1 0.27 ± 0.02 -0.06 ± 0.02 228.1 0.30 ± 0.01 -0.03 ± 0.02 
6' - 4 443.1 0.27 ± 0.02 -0.04 ± 0.03 337.7 0.30 ± 0.01 -0.03 ± 0.02 
8' - 6 523.0 0.33 ± 0.03 -0.07 ± 0.05 430.2 0.33 ± 0.02 -0.05 ± 0.03 
10'-+ 	8 578.9 0.25 ± 003b) -0.15 ± 005b) 507.7 0.35 ± 0.02 -0.10 ± 0.04 
if-* io 608.1 0.34 ± 0.08 -0.02 ± 0.13 569.7 0.32 ± 0.03 -0.05 ± 0.05 
14' - if 510.0 0.26 ± 0070 004 ± 011c) 603.8 0.34 ± 0.05 -0.05 ± 0.09 
16' , 14 472.8 0.42 ± 0.09 -'0.03 ± 0.15 494.5 0.41 ± 0.09 -0.03 ± 0.14 
18 - 16 566.3 0.43 ± 0.17 -0.03 ± 0.28 509 ± 1 -d) -d) 
20' , 18' - - - 588.8 0.44 ± 0.15 -0.04 ± 0.25 
Energies determined to ± 0.3 keV, unless indicated differently. 
Contains contribution of a contaminating line. 
Contains contribution of isotropic annihilation radiation. 
Angular distribution not available for the 18+ - 16+ transition. 
. 
Four types of measurements were employed to study 
the 7-transitions within the ground-state rotational 
band: 7-ray singles spectra, 'y-'y coincidence spectra, 
7-ray spectra time-related to the beam bursts, and 
7-ray angular distributions. 
Two background corrected coincidence spectra for 
the nucleus 158 Er are shown in fig. 1. In the upper 
portion, a gate has been set on the 2+ .+ 0+ transition. 
In addition to the previously known rotational transi-
tions up to the 12 - 10 transition, three less intense 
peaks at 510.0, 472.8 and 566.3 keV can be seen in 
coincidence. These 7-rays have been assigned, respec-
tively, as the 14 - 12k , I6 - W and 18 - 16 
transitions within the ground-state rotational band in 
158Er. The sequence of the 7-transitions was deter-
mined from their progressive decrease in intensity due 
to side feeding. Coincidence gates have also been set on 
all known members of the ground-state rotational band 
and on the new transitions to verify that they themselves 
belong to the ground-state rotational band. The method 
has been previously described [4]. As example, the 
lower portion of fig. 1 displays the spectrum coincident 
with the 16 - 14 transition. Taking into account 
the coincidence efficiency, within statistical errors, all 
transitions following the 16 - 14 transition have 
uniform intensity, whereas the l8++ 16+ line has re-
duced intensity as expected. This supports the sequen-
tial ordering of these transitions. 
Supporting evidence regarding the assignment of 
these transitions as members of the ground-state rota-
tional band was also derived from 7-ray angular distri-
bution measurements taken with a high-resolution 
Ge(Li) spectrometer. In table 1 the measured transi-
tion energies as well as the angular distribution coeffi-
cients which are in accord with E2 multipolarity are 
summarized. It can be seen that there exists a gradual 
decrease in the magnitude of the anisotropy with de-
creasing spin value due to side-feeding, which affords 
additional support to our spin assignments [9]. 
From our timing measurements with respect to the 
beam bursts an upper limit for the lifetime of all ob-
served states was derived of 2ns which indicates the 
absence of a long-lived state in this cascade. 
The study of 166 Yb has been made in a similar 
manner. In fig. 2 background corrected coincidence 
spectra are presented gated with the 10 - 8 and 
12+ - 10+ transitions. From consideration of all coin-
cidence spectra new transitions up to 20+ - 18+ have 
been identified. From the upper spectrum where a 
gate was set on the 10 - 8 peak at 508 keV it 
was concluded that this peak is double since this was 
the only coincidence spectrum in which the gating 
peak did not vanish. Furthermore in the lower spec-
trum coincident with the 12+. -* 10 transition, this 
508 keV peak is more intense than all other transi- 
tions following the 12 -+ 10 transition. Fig. 3 shows 
Volume 40B, number 	- 	 PHYSICS LETTERS 
	
24 July 1972 









300 1 w 
20) 
















200 400 	600 	 800 	1000 
CHANNEL NUMBER 
Fig. 2. Background-corrected y-'y coincidence spectra gated 









o ns, and on the 12— 10 transition in 166 Yb. The annihila- 
n radiation peak appears in the upper spectrum since the 
I e - 8 peak is not completely resolved from the 511 keV 
line. For further explanations see caption to fig. 1. 
7-ray intensities plotted against the spin of the higher 
transitions derived from these coincidence spectra un-
der the assumption that the second component of the 
doublet is the 18 – 16 transition. The monotonic 
fall-off and the fact that both curves are identical 
within statistical errors indicate that the proposed 
assignments are correct. 
The transition energies of the ground-state rotation-
al band transitions in 166Yb and their angular distri-
bution coefficients are given in table 1. All transitions 
have E2 character, and, as before, the anisotropy falls 
off with decreasing spin, supporting the present assign-
ments. The timing measurements indicate again that 
no long-lived state with a lifetime > 2 ns exists within 
this cascade. 
Gate on 1OLBand 18-16 
Transitions 
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Fig. 3. Intensities of rotational transitions in 166 Yb as a func-
tion of spin derived from the coincidence spetra in fig. 2. 
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Fig. 4. Nuclear moment of inertia versus the square of the 
rotational frequency for the ground-state rotational bands in 
158Er and 166 Yb. The experimental points derived from the 
ground-state rotational band transitions are connected by 
curves to guide the eye. 
In fig. 4 the moment of inertia 0 is plotted versus 
the square of the rotational frequency cj for the nuclei 
158 Er and 166 yb where, as in ref. [2] , w depends on 
the transition energy E(I) —E(I— 2) as 
J2 1+l 
= 	[E(I) —E(I— 2)] 2 . 
(2Ii) 2 
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It can be seen that in 158 Er and 166yb  the curves 
bend backwards quite dramatically at a critical angular 
momentum of 1211 and 1411, respectively, correspond-
ing to a sharp increase in the moment of inertia. At 
higher angular momentum, viz, at jn = 16 and 18, 
respectively, the curves bend forwards again with a down-
ward slope. At the maximum of these curves the 
moments of inertia come close to the rigid rotor 
values at w = 0, which are, respectively, 145 MeV 
and 156 MeV in 158 Er and 166 Yb. 
The S-shaped curves here are in qualitative agree-
ment with calculations by Krumlinde and Szymanski 
[10] who use a two-level model including pairing cor 
relations, and by Stephens and Simon [11] whose 
work is based on Coriolis effects in the yrast states. 
We are particularly grateful to Arne Johnson for useful 
comments and for communicating to us some results on 
the 145Nd(160, 3n) 158Er reaction prior to publication, 
which complement our own work. The authors 
would especially like to thank Dr. P. Jahn and Mr. 
H. -J. Probst for help during the course of the experi- 
ments, Dr. U. Schwinn for making the targets and 
Mr. H. Jager for technical assistance. 
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IN 164 Yb AND 168 11f 
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The (a, Sn) reaction has been used to produce high-spin states in 164Yb and 16811f. In both cases a 
sharp increase of the moment of inertia as a function of rotational frequency was observed at I = 12. 
In the recent experimental studies of Johnson 
et al. [1,2], an anomalous increase of the nu-
clear moment of inertia was found at high angu-
lar momenta in the ground state rotational bands 
of the doubly-even deformed nuclei 158Dy, 160Dy 
and 162Er. This remarkable feature is derived 
from the fact that the energies of successive 
transitions from high-spin states in these nuclei 
converge at approximately 600 keV. The critical 
angular momentum where this phenomenon takes 
place is in the neighbourhood of 1411. 
This effect is best illustrated in a plot of the 
moment of inertia versus the square of the ro-
tational frequency [1,2]. The moment of inertia 
is defined as 6 = 11! 1(1+ 1)/w and the rotational 
frequency w = dE/IIdVI(I+ 1) depends on the 
transition energy as 
112w2 
121+1 
 [E(1) -E(1_2)]2 ; 
(21-1) 
E(1) is the excitation energy of the rotational 
level with spin 1. 
A possible explanation for this anomalous 
behaviour of the moment of inertia is the Co-
riolis anti-pairing (CAP) effect, first predicted 
by Mottelson and Valatin [3]. As a result of the 
CAP effect the pairing correlations are weak-
ened with increasing rotational frequency with 
the consequence that a phase transition from the 
superconducting state to the normal state takes 
place. The moment of inertia then tends towards 
the rigid rotor value. Theoretical calculations 
by Krunilinde and Szymanski [4] as well as 
Sorensen [5] concerning the dependence of eon 
W2 display characteristic S-shaped curves, re- 
producing qualitatively the experimental effect. 
An alternative interpretation based on Coriolis 
effects in the yrast states has recently been pro-
posed by Stephens and Simon [6]. 
The properties of ground state rotational 
bands in doubly-even nuclei in the rare-earth 
region are currently under investigation in this 
laboratory. The purpose of this letter is to pre-
sent some recent experimental results in 164ylj 
and 16811f in which a large change of the moment 
of inertia was observed. Reliable information on 
the transitions in the ground state rotational 
bands up to 12+  in these nuclei have been pre-
viously published by Stephens et al. [7]. 
Self-supporting metallic targets (u4 mg/cm 2 ) 
of 168Er and 172Yb, enriched, respectively, to 
99.9% and 91.5%, were irradiated with 110 MeV 
a-particles from the Jtilich isochronous cyclo-
tron JULIC so that the (a, 8n) reaction predom - 
mated and high angular momenta were carried 
into the system. The resulting in-beam . y-rays 
were detected with two Ge(Li) spectrometers 
(40 cm 3 and 66 cm 3 , respectively) operated in 
two-dimensional v-v coincidence mode (2r = 
20 ns FWHM for E> 200 key). For each target 
6 x 107 coincidence events were collected 
within 50h. 
Coincidence spectra for the final nucleus 
164yb together with the relevant background 
spectrum are shown in fig. 1. From the upper 
coincidence spectrum gated with the 12 - 10 
transition, evidence for two new rotational 
transitions at 570 keV and 490 keV was ob-
tained, which have been assigned respectively as 
the 14 	12 and 16 	14 transitions, from 
the following arguments. In this coincidence 
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Fig. 1. Coincidence spectra gated with 12 	10 and 
14 —. 12 transitions in 164Yb together with appro-
priate background taken with a gate near the lines. The 
rotational lines and the high continuum in the back-
ground spectrum are essentially true coincidences, 
partially due to unresolved y-rays deexciting the 
compound nucleus. The coincidence efficiency is ap-
proximately constant in the range of channel numbers 
100 to 400, and drops off below channel 100; a conse-
quence is that the 2+ 0+ transition is not seen. Since 
the 14 	12 transition in 164Yb is superimposed on the 12 —. 10 transition in 166Yb, rotational transi-
tions in I66  Yb, labelled with "C", occur in the middle 
coincidence spectrum. 
spectrum all transitions following the 12 — 10 
transition must be of the same intensity, where-
as the 14 —. 12 and the 16 —. 14 transitions 
should have progressively reduced intensities 
because of side feeding. These features are ac-
tually seen in fig. 1. Coincidence gates have al-
so been set on these two transitions themselves. 
The resulting coincidence spectra, one of which 
is displayed in fig. 1, suggest that the assign-
ments of these lines are correct. Similar coin-
cidence spectra are plotted in fig. 2 for the final 
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Fig. 2. Coincidence spectra gated with 10 	8 and 
12 - 10 transitions in 168Hf, together with appro-
priate background. For further explanations see cap- 
tion to fig. 1. 
nucleus 168Hf. By the same reasoning as above, 
one new y-ray transition at 551 keV was as-
signed as the 14 - 12 1 rotational transition in 
168Hf .  
The assignment of the 570 keV and 490 keV 
transitions in 164Yb, and of the 551 keV transi-
tion in 168Hf, as rotational transitions is sup-
ported also by the conversion electron measure-
ments of Stephens et al. [7]. Their published 
spectra contain K- and L-conversion lines at 
corresponding energies with intensities consist-
ent with E2 multipolarity. It is possible that the 
490 keV transition in 164Yb and the 551 keV 
transition in 168Hf could deexcite an isomeric 
state. However, no such high-spin isomeric 
states have been reported in this region from 
similar experiments; this question is discussed 
by Newton et al. [8]. The energies and spin as-
signments for these nuclei are summarized in 
table 1. 
From the present experimental results the 
moment of inertia is plotted in fig. 3 as a func-
tion of the square of the rotational frequency for 
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Table 1 
Transition energies [key] a 
Transition 	164Yb 	16811f 
2f - 	0 123 124 
4 2 262 261 
6 - 4 374 371 
8 462 456 
530 522 
12 	- 10 577 569 
14 	-. 12 570 551 
16 - 14 490 
a The errors in the energies are about 1 keV. 
the nuclei 164Yb and 168Hf. It can be seen that 
the curves are very similar and in both cases 
bend back at a certain value of J122  which cor-
responds to I = 12, due to the experimental fact 
that the energy of the rotational transitions de-
creases above this critical angular momentum. 
This corresponds to a drastic increase of the 
nuclear moment of inertia towards the rigid ro-
tor value, which occurs here at 29/2 
155 MeV 1 . If the CAP effect can be invoked to 
provide a theoretical explanation for this behav-
iour, then it is interesting to note that the criti-
cal angular momentum of 12/i is in accordance 
with theoretical values put forward initially by 
Mottelson and Valatin [3], and more recently by 
Erumlinde and Szymanski [4]. 
The authors would like to thank Mr. H. Jager 
for his excellent technical assistance, Dr. U. 
Schwinn for the fabrication of the self-supporting 
targets, and Mr. Z. Seres for providing computer 
codes used in the analysis. The assistance given 
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Fig. 3. Plot of nuclear moment of inertia as a function 
of the square of the rotational frequency for 164Yb and 
16811f. The experimental points are connected by 
curves purely to guide the eye. 
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Experimental Study 
of High Spin States in the Ground State Bands 
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Ground state rotational bands in the deformed doubly-even rare earth nuclei 
158 ' 180Er, 164 ' 166Yb and 168Hf have been observed in (; 8n y) reactions. The y-spectra 
associated with these reactions were studied in-beam using conventional spectroscopic 
methods. In all five nuclei the nuclear moment of inertia of the ground state rotational 
states was found to increase abruptly as higher spin states were attained. In a plot 
of the moment of inertia as a function of the angular velocity all these five nuclei 
display " backbending " curves. Moreover, in 158Er and 166Yb, the curves after passing 
through a maximum bend subsequently downwards. 
1. Introduction 
The study of the ground state bands (hereafter denoted gsb) in 
deformed doubly-even rare earth nuclei has in recent times received 
renewed interest following the discovery by a Swedish group' that in 
the nuclei 158,16  'Dy and 162  Er the nuclear moment of inertia increases 
drastically as higher spin states are reached. This fact can be experi-
mentally observed from the y-ray spectrum where the transitions up to 
the 10 state or thereabouts are spaced at approximately equidistant 
intervals but beyond this the transition energies tend to converge, as 
in 160Dy, or even to decrease, as in ' 62Er. 
This behaviour of the moment of inertia was first predicted theoreti-
cally in 1960 by Mottelson and Valatin 2  In deformed nuclei the moment 
of inertia associated with the ground state is about one third of the 
value for rigid rotors. This is attributed to the existence of pairing 
correlations. However as higher angular momenta are reached, the Coriolis 
forces arising from the nuclear rotation increasingly oppose these pairing 
forces so that, initially for the neutrons but also later for the protons, the 
1 Johnson, A., Ryde, H., Hjorth, S. A.: Nuc!. Phys. A 179, 753 (1972).— Johnson, A., 
Ryde, H,, Sztarkier, J.: Phys. Letters 34 B, 605 (1971). 
2 Mottelson, B. R., Valatin, J. G.: Phys. Rev. Letters 5, 511 (1960). 
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pairing correlations are reduced and vanish at a particular critical angular 
momentum, which was originally estimated' to be 12 11 for A 180. As a 
result of this Coriolis anti-pairing effect (the CAP effect), the moment of 
inertia tends towards the rigid rotor value. More recent calculations' - '  
indicate that the critical angular momentum for neutrons lies in the 
range 12-+24h. 
The manner in which the moment of inertia U tends towards the 
rigid rotor value as higher spin values are reached can be very different 
from nucleus to nucleus, and has so far been represented in a plot U 
vs. c0 2 , where w has been defined as the angular velocity of the nucleus'. 
In such plots 112  Er displays a "back-bending" characteristic. Possible 
theoretical descriptions of the back-bending effect have been proposed 
on the basis of the CAP effect by Krumlinde and Szymanski', and also 
by Sorensen', and Kumar'. 
A different approach to the problem of the back-bending effect 
has been adopted by Stephens and Simon'. In this model the Coriolis 
effects were investigated at high angular momenta in a system consisting 
of two (or four) particles in the i, 312 shell model state which are coupled 
to a deformed core. As the angular momentum is increased the particles 
tend to decouple from the core and their angular momenta are aligned 
to the total angular momentum of the core. 
To test the validity of the above theoretical descriptions, experiments 
were initiated in this laboratory to study the behaviour of some doubly-
even rare earth nuclei at high spin states. Similar studies have been 
carried out by Thieberger et al.'° on ' 58Dy, where states up to 22 
have been identified, by Mo et al." on 168 " 70 " 72Yb, and by Taras 
et al. 12  on the transitional nucleus 132Ce. 
Recently it has been noted that in some doubly-even nuclei in the 
2s— ld shell an anomaly similar to the back-bending behaviour 
3 Faessler, A., Greiner, W., Sheline, R. K.: Nuci. Phys. 62, 241 (1965). 
4 Krunilinde, J.: NucI. Phys. A 160, 471 (1971). 
5 Sano, M., Wakai, M.: Progr. Theoret. Phys. (Kyoto) 47, 880 (1972). 
6 Krumlinde, J., Szymanski, Z.: Phys. Letters 36 B, 157 (1971). 
7 Sorensen, R. A.: Proc. of the Colloquium on intermediate nuclei, Orsay, p.  70, 
July 1971. 
8 Kumar, K.: Contribution to the Symposium on High Spin Nuclear States and 
Related Phenomena, Stockholm 1972. 
9 Stephens, F. S., Simon, R. S.: Nuci. Phys. A 183, 257 (1972). 
10 Thieberger, P., Sunyar, A. W., Rogers, P. C., Lark, N., Kistner, 0. C., der Mateo. 
sian, E., Cochavi, S., Auerbach, E. H.: Phys. Rev. Letters 28, 972 (1972). 
11 Mo, J. N., Chapman, R., Dracoulis, G. D., Gelletly, W., Hartley, A. J.: Com-
munication to the European Conference on Nuclear Physics, Aix-en-Provence, 
p. 101, 1972. 
12 Taras, P., Dehnhardt, W., Mills, S. J., Veggian, M., Merdinger, J. C., Neumann, 
U., Povh, B.: Phys. Letters 41B, 295 (1972). 
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exists13' 14•  In these nuclei the many body problem has been solved realis-
tically using angular momentum projection before Hartree-Fock-Bogoliu-
boy variation. These calculations give reasonably quantitative agreement 
with the experimental data1 3, 
Short communications on the back-bending behaviour observed 
in 164Y10  and 168f  and in '"Er and 166 Y have been published from 
this laboratory in the literature '5' 16  A brief report on the present 
work was presented at the Symposium on High Spin Nuclear States 
and Related Phenomena in Stockholm 1 7, 
2. Experimental Methods 
In the measurements reported here self-supporting metallic foils 
were used, which were prepared from enriched rare earth isotopes in 
oxide form obtained from Oak Ridge National Laboratory. These 
isotopes and their respective enrichments are given in Table 1. The rare 
earth oxides were reduced in vacuo with either lanthanum or thorium 
metal at high temperature" produced by focussing an electron beam 
onto a tantalum crucible. The reduced material was evaporated onto 
thin tantalum sheeting which was subsequently dissolved in an equal 
mixture of fluoric and nitric acids. The resulting target foil was mounted 
onto an aluminium frame. The thickness and surface area of these foils 
were 4 mg/cm' and 8 mm x 12 mm respectively. 
The targets were bombarded with the external cc-beam from the 
Jülich isochronous cyclotron JULIC. To produce the final nuclei under 
investigation cc-energies between 100 and 112 MeV were used so that the 
Table 1 
Target 	162Dy 	164Dy 	168Er 	170Er 
Enrichment 	96.3% 	98.4% 	99.9% 	96.9% 	91.5% 
13 Goeke, K., Muther, H., Faessler, A.: Nucl. Phys. (to be published).— Faessler, A., 
Goeke, K., Muther, H.: Contribution to the Symposium on High Spin Nuclear 
States and Related Phenomena, Stockholm 1972. 
14 Sheline, R. K.: Contribution to the Symposium on High Spin Nuclear States and 
Related Phenomena, Stockholm 1972. 
15 Lieder, R. M., Beuscher, H., Davidson, W. F., Jahn, P., Probst, H.-J., Mayer-
Böricke, C.: Phys. Letters 39 B, 196 (1972). 
16 Beuscher, H., Davidson, W. F., Lieder, R. M., Mayer-Boricke, C.: Phys. Letters 
40 B, 449 (1972). 
17 Lieder, R. M., Beuscher, H., Davidson, W. F., Jahn, P., Probst, H.-J., Mayer-
Bdricke, C.: Contribution to the Symposium on High Spin Nuclear States and 
Related Phenomena, Stockholm 1972. 
18 Westgaard, L., Bjornholm, S.: Nuci. Instr. 42, 77 (1966). 
11 Z. Physik, Bd. 257 
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(x, 8n) reaction predominated. The beam spot at the target was 2 mm 
in diameter and the beam currents ranged from 10 pA for coincidence 
measurements to 3 nA for y-singles experiments. 
The y-radiation from the final nucleus was studied using conventional 
in-beam spectroscopic methods. The collected data consisted of y-
singles spectra, y-spectra time related to the beam bursts of the cyclotron, 
)'-ray angular distributions and yy-coincidence spectra. 
In the measurement of y-singles spectra, and of y-ray angular distribu-
tions with respect to the beam direction, a cylindrical aluminium target 
chamber with a thin wall was used. This chamber was mounted centrally 
on an angular distribution table. A Ge (Li) detector 20 cm distant from 
the target could be rotated about the target position from 90 ° to 150° 
in 15° steps. Since the Ge(Li) detector was shielded with a lead cone 
more backward angles could not be reached. Either a one open end coaxial 
Ge(Li) detector of 66 cm' sensitive volume (11.7 % relative efficiency) 
or a planar 0.7 cm 3 Ge (Li) detector with resolutions respectively of 
2.4 and 1.4 keY at 661 keY were used. A second Ge(Li) detector was 
placed at a fixed angle. This monitor detector was used to normalise the 
y-spectra measured with the moveable detector at different angles. 
The output pulses of this detector were used to trigger a pulser whose 
output was fed into the preamplifier of the moveable detector. In this 
way a pulser line was produced in the y-spectrum of the moveable 
detector which could be used for the normalisation. With this method 
not only a correction for fluctuating beam current is obtained, but also 
a correction for dead time losses of the whole electronic system including 
the multichannel analyser results. The beam was dumped in a well-
shielded Faraday cup 3 m downstream from the target. 
Measurements of y-spectra were also carried out in time relationship 
with the cyclotron beam bursts. These were about 3 ns wide, and had a 
duty cycle of 45 ns at E= 100 MeV. To pick up a timing signal from 
the beam pulses a 0.1 mm scintillator foil viewed by a photomultiplier 
could be brought into the beam 40 cm behind the target". The y-radia-
tion emitted from the target was measured in delayed coincidence with 
the beam bursts. The overall time resolution was 6 ns FWHM for 
E > 200 keY. The two-parameter spectra, the parameters being respec-
tively the y-ray energy and the time elapsed after the beam burst, were 
recorded event by event on magnetic tape. For these measurements 
a planar 6cm3 Ge (Li) spectrometer with a resolution of 1.6 keY at 661 keY 
was employed. 
The yy-coincidence measurements were carried out using two Ge (Li) 
detectors of 40 cm 3 (6% relative efficiency - true coaxial) and 66 cm' 
19 Warner, R. A., Smith, G. L., Lieder, R. M., Draper, J. E.: Nuci. Instr. 75, 149 
(1969). 
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(11.7 % relative efficiency - one open end coaxial). A small rectangular 
target chamber was constructed in such a manner that the two Ge (Li) 
detectors could subtend the maximum achievable solid angles of 11 and 
16% respectively. In this way the Ge (Li) counters were positioned 
opposite each other perpendicular to the beam axis at a distance of 
11 mm from the target spot. 
During the course of these experiments lead cones were inserted 
between the detectors thereby decreasing the solid angle but improving 
the quality of the coincidence spectra very markedly. With this im-
provement the background in the coincidence spectra was reduced 
by a factor of two. This background is mainly composed of unresolved 
y-rays originating from the feeding into the gsb, and of y-rays associated 
with events induced by neutrons evaporated from the compound 
nucleus. The latter contribution was reduced considerably by introducing 
the lead cones. 
Timing was carried out using ORTEC constant fraction timing 
discriminator units, giving a resolving time of 2t 15 ns FWHM for 
all y-energies above 200 keV. For smaller energies the time resolution 
deteriorated very 'rapidly since the 66 cm' detector had one open end 
coaxial geometry. Therefore on setting a window on the prompt peak 
in the time spectrum, the coincidence efficiency in the interval ranging 
approximately from 600 to 200 keY reduces gradually with decreasing 
energy in comparison with the detection efficiency in y-singles experi-
ments. Below 200 keY the coincidence efficiency falls off rapidly. The 
coincidence data were stored event by event in 2048 x 2048 mode on 
magnetic tape. 
The data collected from these experiments were analysed off-line 
using a PDP-15 computer. To create coincidence spectra associated 
with one Ge (Li) detector, the two-parameter data were sorted, using a 
computer code developed in this laboratory, by setting gates on interest-
ing parts of the spectrum associated with the other Ge (Li) detector. 
Gates were set on all y-peaks of interest as well as on appropriate portions 
of background so that background-subtracted coincidence spectra 
could be obtained. Similar procedures were employed with the two-
parameter timing data to obtain either a sequence of prompt and delayed 
y-spectra or time spectra of relevant y-peaks. 
All the y-spectra were analysed using a modified version of the 
computer code described in Ref. ". To determine the areas and locations 
of the peaks, standard line shapes were fitted to them after subtraction 
of the background. The standard line shape was composed of a Gaussian 
curve joined to an exponential tail on the low-energy side of the peak. 
The shape parameters, viz. Gaussian width and location of the joining 
20 Routti, J. T., Prussin, S. G.: Nuci. Instr. 72, 125 (1969). 
11* 
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point, were determined by analyzing an 1 52 E spectrum taken in the 
experimental geometry. 
All y-ray energies were determined from in-beam spectra taken 
simultaneously with a ' 52Eu source whose energies are accurately 
known 21 . The detection efficiencies for both )'-singles as well as for 
yy-coincidences were obtained from spectra taken with a 152 E source 
mounted at the target position. The relative y-intensities were taken 
again from Ref. 21 . 
3. Experimental Results 
In this section all experimental data are presented and the pro-
cedures used to identify and assign y-transitions as members of the 
ground state bands in the nuclei 158 " 60 Er, 164 ' 166Yb, and 16  8H are 
given. 
Before a particular transition can be identified as a transition within 
the gsb of a given deformed nucleus, certain criteria have to be satisfied. 
In particular the states of the gsb are connected by stretched E2 transi-
tions, and have short lifetimes ranging from a few ns for the 2 state 
down to the ps region for higher spin states". 
The intensities of the y-transitions of the gsb are determined by the 
feeding mechanism which can be described as follows. Bombardment 
of a target nucleus with 100 MeV alphas leads to the formation of a 
compound nucleus which decays by evaporation of neutrons and sub-
sequently by y-decay until the gsb is reached ". It was found that v-ray 
feeding into the gsb is distributed over a number of levels. Because of 
this "side-feeding" the intensity of the gsb transitions increases mono-
tonically on cascading down the band. This feature can be used to deter-
mine the sequential placement of the gsb transitions, not only from 
singles spectra but much more effectively from the coincidence spectra. 
In the coincidence data a transition is considered as a possible 
member of the gsb only if it appears in coincidence with all other transi-
tions within the gsb. The sequencing of these transitions is derived from 
the fact that transitions occurring above a particular gating transition 
fall off in intensity in the same way as in the singles spectrum, whereas all 
transitions following the gating transition have uniform intensity since 
the side-feeding y-rays to the lower levels are not coincident and thereby 
do not contribute. 
21 Riedinger, L. L., Johnson, N. R., Hamilton, J. H.: Phys. Rev. C 2, 2358 (1970). 
22 Diamond, R. M., Stephens, F. S., Kelly, W. H., Ward, D.: Phys. Rev. Letters 22, 
546 (1969). 
23 Newton, J. 0., Stephens, F. S., Diamond, R. M., Kelly, W. H., Ward, D.: Nucl. 
Phys. A141, 631 (1970). 
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To verify that a coincident y-transition belongs to the gsb, the fact 
that gsb transitions have stretched E2 character has to be substantiated. 
Stretched E2 transitions following (ce, xn) reactions have angular 
distributions with strong positive anisotropies. This takes place because 
the compound nucleus is completely aligned by the reaction in the 
plane perpendicular to the incoming beam and this alignment is pre-
served to a large extent during the deexcitation into the gsb. In addition 
it has been found that due to the side-feeding these anisotropies diminish 
gradually as the transitions cascade down the gsb 24. This effect is again 
of assistance in verifying the sequential ordering of the gsb transitions. 
To exclude the possibility that a given y-transition considered to 
belong to the gsb cascade deexcites an isomeric state, it has to be shown 
that this transition appears promptly with respect to the beam bursts. 
Finally it should be emphasised that the ultimate assignment of 
transitions to the gsb of the five nuclei considered in the present work 
was only accomplished after a careful appraisal of all the above-mentioned 
procedures and arguments. 
3.1. The Nucleus "'Er 
Information concerning the gsb in 15 8E up to the 12 state has been 
reported previously from Berkeley 22'25' 26 
A typical y-singles spectrum of the ' 62Dy (cc, xn y) reaction at E,,= 
100 MeV taken with the 6 cm' Ge(Li) detector is displayed in Fig. 1. 
The yield for the production of "'Er is larger than for any of the 
neighbouring Er nuclei. The y-transitions within the ""Er gsb are 
labelled in Fig. 1. The nuclei "'Er and 160Er are also produced with 
significant intensity and their y-transitions are marked accordingly in 
the diagram. 
Information as to which y-transitions belong to the 15 "Er gsb was 
obtained from the yy-coincidence data. In Fig. 2 two background-
corrected coincidence spectra are shown. In the upper portion, a gate 
has been set on the 2 transition. In addition to the previously 
known rotational transitions up to the 12 -+ 10 transition, three new 
less intense y-peaks at 510.0, 472.8 and 566.3 keY were observed to be 
in coincidence. These lines were assigned respectively as the 14 -* 12 k , 
16 -* 14 and 18 -+ 16 transitions within the 158Er gsb from the 
intensity arguments outlined above. Coincidence gates have also been 
placed on all transitions in the gsb, including these three new ones. 
From the resulting individual coincidence spectra it could be verified that 
24 Draper, J. E., Lieder, R. M.: Nuci. Phys. A141, 211 (1970). 
25 Ward, D., Stephens, F. S., Newton, J. 0.: Phys. Rev. Letters 19, 1247 (1967). 
26 Nordhagen, R., Goldnng, 0., Diamond, R. M., Nakai, K., Stephens, F. S.: Nuc!. 
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Fig. 1. A ?-singles spectrum of the reaction 162Dy(c,xny) taken at E,=100 MeV 
with a 6cm3  Ge(Li) detector. The y-transitions belonging to the 158Er gsb are labelled 
according to assignments made in the present study. Peaks associated with 159Er and 
10Er are marked accordingly 
these new transitions definitely belong to the gsb, and that the assignments 
made are consistent. In the lower portion of Fig. 2, the spectrum coinci-
dent with the 16 -p 14 transition is shown. Paying proper regard 
to coincidence efficiency, within statistical errors, all transitions following 
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Fig. 2. Background-corrected y y-coincidence spectra gated with the 2 + -+0+ and 
16 - 14 transitions in 158Er. In comparison with the y-singles efficiency the coin- 
cidence efficiency here gradually reduces with energy in the range of channel numbers 
800 -+ 250 and drops off rapidly below channel 250. In the lower spectrum every two 
channels are summed to improve statistics 
transition has reduced intensity. This supports in view of the previous 
arguments the sequential ordering of the transitions within the gsb. 
Angular distribution measurements provided further support for 
these assignments in "'Er. The relevant y-spectra, taken with the high 
resolution 0.7 cm' Ge (Li) detector, were measured in time relationship 
with the cyclotron beam bursts. Only prompt y-spectra were accepted 
in the subsequent off-line analysis of these data. In this way the radio-
active y-peaks were reduced, thereby improving spectrum quality. The 
results of the angular distribution measurements for all gsb transitions 
are shown in Fig. 3. Because the 0.7 cm' detector has low efficiency, 
measurements were limited to the three angles 90 ° , 120° and 150° . The 
solid lines are fits of the angular distribution function 
W(0)=A 0 +A 2 P2 (cos0)+A 4 P4(cos0) 
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Fig. 3. Angular distribution measurements for the gsb transitions in 158Er. The solid 
curves are fits to the experimental data points of the angular distribution function 
W(0) normalised to W(90°) 
to the experimental points normalised to W(90°). As can be seen, all 
these curves exhibit a large positive anisotropy which is characteristic 
for stretched E2 transitions. Furthermore the magnitude of the anisotropy 
decreases gradually as the y-cascade proceeds down the gsb until the 6 ' 
state is reached. This feature can be explained by sidefeeding arguments. 
Exceptions from this general trend are the angular distributions of the 
10 + ,8+ and l4 —*12 k  transitions, whose peaks in the y-spectrum 
are contaminated, as can be observed in Fig. 1. The final normalised 
Legendre coefficients together with the energies of the y-transitions are 
given in Table 2. 
To obtain the relative intensity of the gsb transitions the prompt 
y-spectrum taken at 1500  in the angular distribution measurements was 
used. The intensity of the 10 - 8 transition was determined after 
subtracting out a contaminating component due to the 12 - 10 
transition in 16  'Er. The intensity of the 14 - 12 transition at 510.0 keY 
could be corrected for the contaminating annihilation peak which in 
this spectrum was reduced by a factor of five in comparison with the 
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Table 2. Energies in keV and angular distribution coefficients 
of rotational transitions in 158Er 
Transition E5 A 21A 0 
2-*0 192.0 0.27±0.02 -0.05±0.04 
4-+2 335.1 0.27±0.02 -0.06±0.02 
6-*4 443.1 0.27±0.02 -0.04±0.03 
8—*6 523.0 0.33±0.03 —0.07±0.05 
10+ —+8 + 578.9 0.25 ± 0.03b —0.15 ± 0.05b 
12+ —+10+ 608.1 0.34+0.08 —0.02+0.13 
14-12 510.0 0.26±0.07c _0.04±0.11 0 
16—+14 472.8 0.42±0.09 —0.03±0.15 
18 + -+16+ 566.3 0.43+0.17 -0.03+0.28 
a Energies determined to ± 0.3 keV. 
b Contains contribution of a contaminating line. 
C Contains contribution of isotropic annihilation radiation. 
Relative Intensities of 
Rotational Transitions 
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Fig. 4. Relative intensities of gsb transitions in 158Er as a function of spin, as derived 
from a y-singles spectrum taken at 150° with respect to the beam axis. A planar 
0.7 cm3 Ge(Li) detector was used to measure the y-spectrum 
singles spectrum shown in Fig. I. In Fig. 4 the relative intensity of the 
gsb transitions, corrected for internal conversion, is plotted as a function 
of the spins of the gsb transitions. The relative intensities of the tran-
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Fig. 5. Two-parameter y-spectrum for the reaction 1621)y(; x  y).  The counting rate 
is plotted versus pulse height for four different time bands. The width and location 
of the time bands are indicated. The beam burst is in the time band labelled —3 to 
7 ns. The 14 —p 12 transition is contaminated by annihilation radiation 
which point the relative intensities are constant within statistical uncer-
tainty. This corresponds to no side-feeding to the first two excited states, 
and possibly only a small amount to the third excited state. That all the 
points lie on a smooth curve indicates that the spin assignments are the 
most probable. 
To prove that all the gsb transitions in "'Er are in no way associated 
with the deexcitation of isomeric states, y-spectra were measured at 
different time intervals within the 45 ns duty cycle. The resultant two-
parameter spectrum is shown in Fig. 5. It can be seen that the relevant 
y-transitions decay within the prompt peak. However the time depend-
ence of the 14 '  —* 12 ' transition could not be determined since it is 
superimposed by the annihilation radiation peak. It was concluded that 
no isomeric state with a haiflife larger than 2 ns is associated with the gsb. 
3.2. The Nucleus 160Er 
Prior to this investigation information on the gsb up to the 12 state 
in "'Er was available in the literature 22 ' 25 ' 26 . Similar results to those 
reported here have been recently obtained by A. Johnson and coworkers 
using the (160,  xny) reaction 21. 
27 Johnson, A., Ryde, H., Hjorth, S. A.: Contribution to the Symposium on High 
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Fig. 6. A y-singles spectrum of the reaction 16413y(a,xny) taken at E8 =IOOMeV. 
The y-transitions belonging to the "Er gsb are labelled according to assignments made 
in the present study. Peaks associated with 161Er and 162Er are marked accordingly 
In Fig. 6 a y-singles spectrum is shown for the reaction 164Dy(cc, xny) 
for E = 100 MeV. In this case the yield of ' 60Er is considerably larger 
than for the neighbouring isotopes 16 'Er and 162  Er, as can be seen in 
the figure. The y-transitions in these three nuclei have been identified 
and labelled. 
In the yy-coincidence data, gates were set on all known gsb y-tran-
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Fig. 7. Sum of nine background-corrected y  y-coincidence spectra resulting from gates 
placed on each individual gsb transition up to the 18+  16+ transition in 160Er. The 
639.7 keV transition does not belong to the gsb 
belong to the gsb. From the corresponding coincidence spectra three new 
coincident transitions of energies 591.9, 534.0, and 555.4 keV were 
discovered, and from similar arguments as given above in the case of 
158 Er they were assigned as the 14 — 12 k , 16 —+ 14 k , and 18+ —+ 16 
transitions within the 160Er gsb cascade. Since the older experimental 
configuration mentioned in Section 2 was used to obtain the coincidence 
data for 16  'Er, subtraction of the higher backgrounds produced resultant 
coincidence spectra whose statistical quality was somewhat poorer than 
in the ' 5 8Er case. However summing of background-corrected coincidence 
associated with gates set on all nine cascade y-transitions up 
to the 18 + state served to maximise statistics and the resultant summed 
coincidence spectrum is displayed in Fig. 7. It was established from 
these coincidence measurements that the line at -531 keY known 
previously as the 10 + -+8 + transition was a doublet, the other compo-
nent being identified as the 16 —+ l4 transition. The two transitions 
are much better resolved in the high resolution y-singles spectrum in 
Fig. 6. 
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Fig. 8. Angular distribution measurements for the top three gsb transitions in 160Er 
and the top two gsb transitions in 164Yb. Angular distributions for the anomalous 
coincident 7-transitions at 639.7 keV in 160Er and at 647.5 keY in 164Yb are also 
displayed. The solid curves are fits to the experimental data points of the angular 
distribution function W(9) normalised to W(90°) 
The angular distributions of all gsb transitions in 1 60E showed the 
strong anisotropy which is typical for a stretched E2 cascade. The 
angular distribution patterns for the three new gsb transitions are shown 
in Fig. 8. In Table 3 the Legendre coefficients and y-energies of all gsb 
transitions are presented. 
The relative transition intensity in the gsb of 160Er plotted as a func-
tion of spin is shown in Fig. 9 giving added support for the ordering of 
162 
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Fig. 9. Relative intensities of gsb transitions as a function of spin in 164Yb and 160Er, 
as derived from y-singles spectra taken at 135° with respect to the beam axis. These 
intensities were obtained using a planar 6cm 3 Ge(Li) detector 
Table 3. Energies in keV and angular distribution coefficients of rotational transitions 
in 10Er. The transition at 639.7 keV does not belong to the gsb and is discussed in 
Section 4 
Transition E 
2-*0 125.6 0.24±0.01 —0.07±0.02 
4-*2 263.9 0.28±0.01 —0.05±0.02 
6-*4 375.5 0.30±0.01 —0.07±0.02 
8-+6 463.9 0.30±0.01 —0.10±0.02 
10-*8 531.7 0.39±0.02 —0.00±0.03 
12-*10 578.9 0.30±0.02b —0.07±0.04 
14 + -+12 + 591.9 0.43+0.05 —0.02+0.07 
16-+14 534.0 0.34±0.03C 
18-16 555.4 0.36±0.06C 
639.7 0.02±0.16C 
a Energies determined to ± 0.3 keV. 
b Contains contribution of a contaminating line. 















High Spin States in 158 ' 160Er, 1 ' 166Yb, and 168Hf 	 163 
the gsb transitions. The timing spectra indicated the absence of any 
isomeric states feeding into the gsb. 
In this nucleus a y-transition of energy 639.7 keY with interesting 
features was observed. This y-transition (labelled in Fig. 7) appears to 
fulfil all coincidence and intensity requirements of a 20 -+ 18 transition. 
However the angular distribution of this y-ray shown in Fig. 8 does not 
exhibit the anisotropy required by a stretched E2 transition. The angular 
distribution coefficient A 2 1A O is included in Table 3. This y-transition is 
discussed in Section 4. 
3.3. The Nucleus 164 y 
The 164 Y gsb is reliably known up to 12 from the work of Stephens 
et al. 28 . 
In Fig. 10 a y-singles spectrum of the reaction 168 Er(cc, xny) for 
Ea = 100 MeV is shown where transitions in 164Yb, which has the 
largest yield, and in the neighbouring nucleus '"Yb are marked. A 
summed coincidence spectrum is shown in Fig. 11 which was obtained 
similarly as for the 16  'Er case (cf. Section 3.2). From systematic study 
of each individual coincidence y-spectrum, the existence of two new gsb 
y-transitions at 569.7 and 490.0 keV were established and assigned as 
14 -+ 12 and 16 -+ 14 members respectively. The y-intensities as a 
function of spin are shown in Fig. 9. 
In Table 4 angular distribution coefficients for all transitions are 
given together with the energies. These coefficients establish the stretched 
E2 character of the transitions. The angular distributions for the two 
new transitions are shown in Fig. 8. All these y-transitions have been 
found to be prompt. 
Table 4. Energies in keY and angular distribution coefficients of rotational transitions 
in 164Yb. The transition at 647.5 keV does not belong to the gsb and is discussed in 
Section 4 
Transition Ea A 21A 0 
2+—).o+ 123.3 0.19±0.02 —0.11±0.03 
4—*2 262.4 0.29±0.01 —0.03±0.02 
6-+4 374.7 0.30±0.02 —0.05±0.02 
8+-,6+ 463.0 0.30+0.02 —0.08+0.03 
10-+8 530.9 0.39±0.02 —0.06±0.03 
12-+10 576.9 0.35±0.04 0.00±0.06 
14+-+12+ 569.7 0.22 ± 0.03b —0.03 ± 0.04b 
16 	-* 14 490.0 0.33+0.05 —0.03+0.07 
647.5 0.08 ± 0.06C 
a Energies determined to ± 0.3 keY. 
b Contains contribution of contaminating lines of 207Pb and 'Yb. 
C Fit restricted to A 21A 0 only because of weak nature of peak. 
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Fig. 10. A y-singles spectrum of the reaction 168Er(x, xn y)  taken at E,,=100 MeV. 
The ?'-transitions belonging to the 164Yb gsb are labelled according to assignments 
made in the present study. Peaks associated with the nucleus 1 Yb are also marked 
In the study of this nucleus a y-ray of energy 647.5 keV was found 
in coincidence with all gsb y-transitions. As can be seen from its angular 
distribution shown in Fig. 8, and the A 2 1A 0 coefficient in Table 4, this 
transition does not show stretched E2 character but displays a behaviour 
similar to that of the 639.7 keY transition in 16  'Er. This transition is 
discussed in Section 4. 
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Fig. 11. Sum of eight background-corrected 77-coincidence spectra resulting from 
gates placed on each individual gsb transition up to the 16 -+ 14 transition in 
164Yb. The 647.5 keV transition does not belong to the gsb 
3.4. The Nucleus 166 Yb 
The 166 	gsb is known with reliability up to the 12 state from 
previous electron conversion work " .  
A singles y-spectrum of the reaction 170Er(cx, xny) for E2 = 100 MeV 
is shown in Fig. 12. In addition to the gsb transitions in '"Yb y-tran-
sitions of the neighbouring nucleus 168Yb are marked. The coincidence 
spectra were taken with the improved set-up and have the same quality 
as for "'Er. In Fig. 13 two background-corrected coincidence spectra 
are presented gated with the 10 —p 8 and the 12-10 transitions. 
From consideration of all coincidence spectra new transitions up to 
20 - 18 + have been identified. From the upper spectrum where a gate 
was set on the 10 - 8 + peak at 508 keV it was concluded that this 
peak is double since this was the only coincidence spectrum in which 
the gating peak did not vanish. Furthermore in the lower spectrum 
coincident with the 12 - 10 transition, this i 508 keV peak is more 
intense than all other transitions following the 12 —+ 10 transition. 
Fig. 14 shows y-intensities plotted against the spin value of the higher 
transitions derived from these coincidence spectra under the assumption 
28 Stephens, F. S., Lark, N. L., Diamond, R. M.: Nuci. Phys. 63, 82 (1965). 
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Fig. 12. A y-singles spectrum of the reaction 170Er(a, x  y) taken at Ea = 100 MeV. 
The y-transitions belonging to the 16Yb gsb are labelled according to assignments 
made in the present study. Peaks associated with the nucleus 18Yb are also marked 
that the second component of the doublet is the 18 ' -  16 ' transition. 
The monotonic fall-off and the fact that in both cases the intensities are 
identical within statistical errors indicate that the proposed assignments 
are the most probable. 
Angular distributions measured with the 0.7 cm' Ge (Li) spectro-
meter are presented in Fig. 15. The patterns support E2 character and 
-J 
















High Spin States in 158,  160Er, 164,  '66Yb, and 168Hf 	 167 
14 




TRANSITIONS IN 166Yb 	- 
2 








I I 	I 	 I 	I 
I 	 l II 











I 	 - 
200 




200 	 LOU 	 600 	 800 	 1000 
CHANNEL NUMBER 
Fig. 13. Background-corrected y y-coincidence spectra gated on the doublet com- 
prising the 10+ 8+ and 16+ 14+ transitions, and on the 12 -+ 10 transition, 
in 166Yb. The annihilation radiation peak appears in the upper spectrum since the 
10+ - 8 peak is not completely resolved from the 511 keV line. For further 
explanations see caption to Fig. 2 
the gradual fall-off in anisotropy with decreasing spin is clearly evident. 
The Legendre coefficients and the y-transition energies are given in 
Table 5. 
12 
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Fig. 14. Relative intensities of rotational transitions in 166Yb as a function of spin 
derived from the coincidence spectra in Fig. 13 
Table 5. Energies in keV and angular distribution coefficients 
of rotational transitions in 166Yb 
Transition Ea A 21A 0 A 41A O 
2-+0 102.2 0.25±0.03 —0.11±0.04 
4—*2 228.1 0.30±0.01 —0.03±0.02 
6—*4 337.7 0.30±0.01 —0.03±0.02 
8-6 430.2 0.33±0.02 —0.05±0.03 
10-8 507.7 0.35±0.02 —0.10±0.04 
12—*10 569.7 0.32±0.03b —0.05±0.05 
14+--+12+ 603.8 0.34+0.05 —0.05+0.09 
16 + --), 14+ 494.5 0.41+0.09 —0.03+0.14   0  
18-16 509.1 —c 
20-18 588.8 0.44±0.15 —0.04+0.25 
a Energies determined to ± 0.3 keV. 
b Contaminated by the 569.7 keV transition in 207Pb. 
C Angular distribution not available for the 18 + -+ 16 transition 
Fig. 16 shows time spectra for the 8 + -+6 + and higher transitions. 
These were obtained by setting gates on the appropriate y-peaks in the 
two dimensional time vs. energy spectrum. As can be shown all tran- 
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Fig. 15. Angular distribution measurements for the gsb transitions in 166Yb. The 
solid curves are fits to the experimental data points of the angular distribution function 
W(0) normalised to W(90°) 
sitions are prompt and an upper limit on the haiflife of any of these 
transitions was estimated to be 2 ns. 
3.5. The Nucleus ' 68Hf 
Transitions up to the 12 state in 1 68 H have previously been identi-
fied by Stephens etal. 28• 
A y-singles spectrum of the reaction 172  Y (, xny) at E0 = 100 MeV 
is shown in Fig. 17. Transitions identified with the gsb in 168 H are 
labelled, as are peaks attributed to 170 H.f. 
As in the cases of 160Er and 164Yb, a summed coincidence spectrum 
was constructed and is shown in Fig. 18. A new transition at energy 
551.6 keY was identified as the 14 - 12 gsb transition. In addition 
in the best resolved coincidence spectra two more y-peaks appear at 453 
and 460 keY on each side of the 8 -' 6 y-transition at 456.6 keV. In 
Fig. 18 the 460 keY y-peak can be clearly seen. The individual coincidence 
spectra do not give completely conclusive information as to the origin of 
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Fig. 16. Time spectra of the higher gsb transitions in 166Yb. The prompt peaks have 
the instrumental shape, i. e. 6 ns FWHM and slopes of 2 ns. In the case of the 
12+ —* 10+ transition, a background component is not completely subtracted out 
Table 6. Energies in keY and angular distribution coefficients 
of rotational transitions in 168Hf 
Transition Ea A 21A Ø A 41A 0 
2+ —, 0+  123.7 0.27+0.02 —0.01+0.02 
4—*2 261.5 0.31±0.01 0.00±0.02 
371.2 0.29±0.02 —0.02±0.02 
8—*6 456.6 0.34±0.02 0.05±0.03 
522.0 0.34±0.03 0.02±0.04 
12 + -+10+ 569.8 0.30 ± 0.02b 0.05+0.03 
14+--+12+ 551.6 0.33 ± 0.05° 0.04+0.07 
a Energies are determined to ± 0.3 keV. 
b Contaminated by the 569.7 keY transition in 207Pb. 
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Fig. 17. A y-singles spectrum of the reaction 172Yb(; xny) taken at E= 100 MeV. 
The y-transitions belonging to the 168Hf gsb are labelled according to assignments 
made in the present study. Peaks associated with 170Hf are marked accordingly 
these two y-rays. However one of these y-peaks is believed to be the 
16 ' - 14 ' transition. Much better coincidence spectra are needed to com-
pletely resolve this problem. 
The angular distributions of all the gsb transitions have stretched E2 
character. The transitions come promptly with respect to the beam 
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Fig. 18. Sum of seven background-corrected y y-coincidence spectra resulting from 
gates placed on each individual gsb transition up to the 14+ 	12 transition in 168Hf 
4. Anomalous Coincident y-Transitions 
In Section 3 the existence of two unusual coincident y-rays, one at 
639.7 keY in 160Er and the other at 647.5 keY in 164Yb, was reported. 
It is the aim of this section to discuss the nature of these two transitions. 
Both these transitions which are in coincidence with all known 
cascade y-transitions in their respective ground state bands seem to 
feed into the highest known level of the gsb, namely the 18 state in 
"'Er and the 16 state in 16 'Y-b. This is suggested by comparing their 
intensities with the intensities of the highest known gsb transitions. 
In 16  'Er the ratio of the y-intensity of the 639.7 keY transition to the 
18 -+ 16 transition is 0.6 ±0.2 and in 164Yb the ratio of the 647.5 keY 
to the 16 - 14 transition is 1.0±0.2. An additional feature is that 
both y-rays come promptly with respect to the beam bursts. 
From consideration of the angular distribution coefficient A 2 1A 0 
(given in Tables 3 and 4) for these two transitions it can be seen that 
they are inconsistent with stretched E2 multipolarity. The experimental 
A 2 1A O coefficient for the 647.5 keY transition in 164 Y was compared 
with theoretical A 2 1A O coefficients for the sequences 11 (L, L') I,. = 
17(1, 2) 16, 16(1,2)16 and 15(1,2)16. Here I, and If denote initial and 
final spins of states connected by a y-transition of mixed dipole and 
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quadrupole multipolarity. Under the plausible assumption that 1A4IA 0 I 
<0.3 inferred from the experimental angular distributions, there is no 
solution for the sequence 16(1,2)16. However for the sequences 17(1,2)16 
and 15(1,2)16, solutions are just admissible for Q=52/1+ö2 =0.005 
± 0.005 and for Q=0.97±0.03, where 6 is the dipole-quadrupole mixing 
ratio. This means that the transition probably has either pure dipole or 
pure unstretched quadrupole character. Similar conclusions were also 
drawn for the less intense 639.7 keY y-transition in 160 Er. 
The occurence of a y-transition at 652.9 keV in 162 Er whose angular 
distribution was also consistent with dipole multipolarity was recently 
reported verbally by Sunyar and coworkers 29 
If the above )'-rays were of dipole nature, it would be interesting to 
establish whether the y-rays have MI or El character. If the y-ray is 
MI (no parity change), the initial state emitting this y-ray could be a 
state made up from configuration mixing of two- or four-quasi-particle 
states in the i 1312 orbital. If however the y-ray is El and hence the parity 
changes, the state must have a totally different structure since it must be 
composed of i 1312 orbitals plus some other negative parity orbitals, 
possibly the h 1112 or j1512. However if the above y-rays were unstretched 
quadrupole transitions, they should have E2 multipolarity for the 
following reason. Generally the feeding times are short; in 160Er for 
instance this time is '-'6 Ps (Ref. 22).  Since the Weisskopf estimate 
for the haiflife of a 639 keV transition of M2 multipolarity is 10 ns, M2 
multipolarity is very unlikely. 
5. Discussion 
In order to obtain more insight into the behaviour of the above 
nuclei at high angular momenta, it is instructive to derive from the data 
given in Tables 2 through 6 how the nuclear moments of inertia depend 
on the rotational frequency. 
The moment of inertia is defined as 
20 f dE] 
jr Ld(11+l))] 




29 Sunyar, A. W., Cochavi, S., Kistner, 0. C., der Mateosian, E., Thieberger, P.: 
Contribution to the Symposium on High Spin Nuclear States and Related Phe-
nomena, Stockholm 1972. 
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Fig. 19. Nuclear moment of inertia versus the square of the rotational frequency for 
the gsb in 158,  160Er, 164,  '66Yb, and 168Hf. The experimental points correspond to the 
different transitions within the gsb. The leftmost point of each curve corresponds to 
the 2+_ *  0+ transition, the next one to the 4 +-+ 2+  transition, and so on. 
The experimental points are connected by curves to guide the eye 
Following the procedure outlined by the Swedish group' plots were 
made of 20/h 2 vs. h 2 w 2 . These quantities were obtained by replacing 
the derivative with the corresponding differential quotient evaluated 
between the spin values I and 1-2, and are given by 
20 	41-2 
h 2 E1 —E1 _ 2 
and 
12 _j+' 
h 2 co2 = 	[E1 —E1 _ 2 ]2 . (21_1)2 
Here I denotes the spin of the initial state, and [E1 —E1 _ 2 ] is the 
transition energy. 
In Fig. 19 these plots for all five nuclei are presented. It can be seen 
that in all cases the moment of inertia increases monotonically up to a 
50 
II.'.' 
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spin of 10 ' or 12 ' in accordance with what is expected from consider-
ation of the VMI model 3 o.  However beyond this region of spin values 
all these five curves bend both backwards and upwards in a very dramatic 
manner. Here the moment of inertia increases much more rapidly from 
level to level than in the lower portion of the gsb. 
In 158  Er and 166 Y the curves reach a maximum at 1= 16 and 18+ 
respectively and then bend forwards with a downward slope. At their 
respective maxima the moments of inertia come close to the rigid rotor 
values evaluated at co=0. The maxima values are 130 MeV 1 in 158Er, 
and 140 MeV in 166Yb, which are about 90% of the rigid rotor 
values. The nuclei ' 58 Er and 166 Y therefore exhibit distinctive and 
complete S-shaped curves. 
Generally S-shaped curves can be predicted theoretically by the 
Coriolis decoupling model of Stephens and Simon', and by calculations 
based on the CAP effect such as the two-level models of Sorensen' 
and of Krumlinde and Szymanski 6  It should be emphasised that at the 
present stage however these models do not reproduce the experimental 
S-shaped curves quantitatively, but only give systematic trends as 
function of the deformation, the position of the Fermi level and the 
level density near the Fermi level. However the available data are not 
yet extensive enough to verify these trends and to give a clue as to which 
of the two physical pictures, namely the decoupling effect or the CAP 
effect, is responsible for the sudden increase in the moment of inertia. 
Certain remarks are worthy of mention regarding the feeding mech-
anism in the (x, xny) reaction at E= 100 MeV. From the y-intensities 
plotted as a function of spin in Figs. 4 and 9, it can be inferred that 
there exists hardly any side-feeding to levels up to the 6 state. The 
states between 8 ' and 20 receive all the side-feeding with a maximum 
feeding into the 10 and 12 state. Similarily Ward etal." found in a 
study of the reactions 120,122,124 Sn (40Ar, 4n)156, 158,16 OEr, where 
states in the final nuclei up to 12 were observed, that side-feeding 
existed not into the first few excited states but only into the topmost two 
or three levels. Since from the present work on the (cc 8 n) reaction the 
observed gsb levels extend now up to 18 k , the side-feeding is distributed 
over approximately six levels. 
Consideration of the present experimental results shows that the 
decreasing anisotropy of the angular distributions can be interpreted 
as due to side-feeding. All stretched E2 transitions within a gsb must 
have the same angular distribution if there is no disturbing influence 
such as side-feeding or hyperfine interactions (HFI) with the nuclear 
environment 24. It was observed experimentally that the anisotropy in 
30 Mariscotti, M. A. J., Scharff-Goldhaber, 0., Buck, B.: Phys. Rev. 178, 1864 (1969). 
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158 Er (see Table 2) decreases as the y-cascade develops down the gsb 
until the 6 state is reached and thereafter it remains constant. Because 
of this fact it is plausible to interpret the progressive change in the angular 
distributions as due to side-feeding 24 rather than due to HFI. If HFI 
were responsible, the anisotropy should continue to decrease for the 
lower transitions due to the increasing lifetimes encountered. 
An additional perturbation of the angular distribution due to HFI 
may be expected for some ground state transitions deexciting the longer-
lived 2 states. This can be seen by comparing the angular distribution 
data of 15  "Er and 160Er. No perturbation of the angular distribution of 
the 2+  Ø+ transition in 158  Er was observed where the first excited 
state has a haiflife of 0.30 ns 22 . However the 2 -+0 k transition in 
160Er has a somewhat reduced anisotropy (see Table 3) which can result 
from HFI since the haiflife is 0.92 ns for the 2 state 22 . 
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From a study of the y-decay of high-spin states populated using the (at, 8 n) reac-
tion, the ground-state rotational band in 1820s has been established up to spin 20t 
A plot of the moment of inertia as a function of the square of the rotational frequency 
for this ground-state band results in a back-and-forwardbending curve, indicating that 
an explanation in terms of pure Coriolis decoupling in the i1312 neutron orbital re-
quires revision. The moment of inertia reaches a maximum of only 74% of the rigid 
rotor value. 
An anomalous behaviour in the level spacings of the ground-state 
rotational band (gsb) has been observed in certain even-even rare earth 
nuclei in the mass range A= 156-170 [1-5]. These irregularities, strikingly 
depicted in a plot of the moment of inertia B against the square of the 
rotational frequency a, are associated with a sudden increase in 0 around 
1= 14, and the names backbending or S-shapes have been used to 
characterize the anomaly. 
This sudden increase in 0 at high spins may be identified with a 
phase transition from the pair-correlated to the normal state of nuclear 
matter caused by the Coriolis antipairing effect [6]. Alternatively 
Stephens and Simon [7] ascribe the backbending to the Coriolis decou-
pling of two 4 312 neutrons from the rotating deformed core at higher 
angular momenta. The backbending should then be strongest for nuclei 
in which the Fermi level 1 is situated close to the lowest 0-states of the 
i 1312  neutron orbital [7, 8]. This is well founded experimentally [1-5]. 
However, when 2 is close to the higher 0-states, a smooth increase in 0 
is anticipated [8]. To test this prediction, we have investigated the gsb 
of the well-deformed nucleus 1820s where the Fermi level is situated 
between the 0=7/2 and 9/2 substates. Burde et al. [9] previously estab-
lished the gsb in 182 0s up to the 10 state. An 8 isomeric state is also 
known to exist [10, 11]. 
* Now at Central Research Institute for Physics, P.O.B. 49, Budapest 114, Hungary. 
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Fig. 1. Two background-subtracted coincidence spectra. In the upper spectrum 
(2048 channels) a gate has been placed on the composite peak at 534 keV. In the lower 
spectrum a summed coincidence spectrum (reduced to 1024 channels) is shown in 
which gates were set on the 8+ 6+ up to the 18+ 16+ transitions inclusive. From 
consideration of all coincidence spectra it was concluded that the two peaks at 
434.5 keV and 511.0 keV (not marked) do not belong to the gsb 
In our experiments 106 MeV a-particles from the Jülich isochronous 
cyclotron JULIC were incident on a ' 86W oxide target (i8 mg/cm') 
enriched to 96.1 %. The final nucleus 18205  was produced through the 
(, 8 n) reaction. Using Ge (Li) spectrometers, y-singles spectra, y -y 
coincidence spectra, y-spectra time-related to the beam bursts and 
y-ray angular distributions were measured in-beam. A description of 
the experimental techniques used has already been published [3]. 
The y-y coincidences were measured using two (60- and 77-cm') 
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Table 1. Summary of observed 1820s y-ray transition energies, assignment in the 








A 2/A 0 
126.8±0.3 2-)I0 94± 9 0.184±0.018 - 0.019±0.024 
273.3 +0.3 4+ --, 2+ 100 + 10 0.234 ± 0.012 +0.006 +0.022  
393.5±0.3 6-+4 86± 9 0.230±0.014 -0.034±0.023 
483.6±0.3 8-,6 77 ± 8 0.236±0.016 -0.051±0.023 
0.323±0.022b _0.086±0.027b 
494.1±0.3 14-+12 24± 3 0.296±0.027 -0.098±0.043 
479.2+0.3 16-±14 12± 2 0.347±0.035 -0.053±0.056 
537.1±0.3 18-*16 8± 3 (0.217±0.082)° (+0.079±0. 120) c 
622 .8±0.3 20-+18 5± 1 0.455±0.098 +0.035±0.155 
553.3+0.3 8-+8 14+ 2 -0.002+0.037 -0.075+0.056 
a Corrected for internal conversion. 
b Angular distribution of composite peak of 10 — 8 and 12 -+ 10 y-transitions. 
C Angular distribution vitiated by closely-adjacent background y-peaks. 
meters being the y-energies of the events appearing in each detector 
and the time elapsed between them, and were recorded event-mode on 
magnetic tape. The sorting of the data was carried out on a PDP-1 5 
computer by setting gates on the y-spectrum of one detector as well as 
setting an energy-dependent time window on the prompt peak in the time 
spectrum. The width and location of this time window is a function of 
the y-energy in the other detector and was determined experimentally. 
An inspection of the coincidence spectra with gates on the five 
known [9] gsb V-transitions in ' 820s up to the 10-+8 transition 
revealed five additional y-lines. Gates were then systematically placed 
on all these transitions. In Fig. 1 two background-subtracted coincidence 
spectra are shown. In the upper portion, where a gate was placed on 
the 534 keY y-line previously identified [9] as the 10 — 8 transition, 
it was observed that this gating peak does not vanish in the resulting 
coincidence spectrum; it was concluded therefore that the 534 keY 
peak consisted of two y-transitions. Further coincident y-lines appear 
at 494.1, 479.2 and 622.8 keY and on the high energy side of the 534 keY 
peak at 537.1 keY. The 537.1 keY V-peak, which was not clearly resolved 
in the coincidence spectra, was completely resolved from the 534 keY 
doublet in high-resolution y-singles spectra. 
These y-lines were identified as gsb transitions from consideration 
of all coincidence spectra and the assignments given in Table 1 were 
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SPINS OF TRANSITION 
Fig. 2. Transition intensities for the gsb transitions in 1820s as a function of spin. 
For the first four gsb transitions the feeding due to the 8 - 8 isomeric transition 
has been subtracted out 
deduced using intensity arguments [3]. The gsb transition intensities 
are shown in Fig. 2 as a function of spin. These intensities were obtained 
from y-singles spectra except for the members of the doublet at 534 keY. 
Their intensities were obtained from the coincidence spectrum gated 
on the doublet shown in the upper portion of Fig. 1 using the fact 
that here the intensity of the doublet is twice that of the 12 - lO 
transition and that all lower transitions have the summed intensity of 
the 10 —*8 k and 12 -* lO transitions. The 20 -p 18 transition at 
622.8 keV is best seen in the summed coincidence spectrum shown in 
the lower portion of Fig. 1 where gates were set on the 8 -+ 6 up to the 
18 -+ 16 transitions. In summing only those coincidence spectra gated 
with higher transitions, the peak-to-background ratio for the 20 -+ 18 
transition is enhanced because of the relatively decreased amount of 
side feeding. 
The results of the angular distribution measurements are also 
summarized in Table 1. All transitions assigned to the gsb have the ex-
pected large positive anisotropy which is characteristic of stretched E2 
transitions. The timing spectra of the y-transitions measured with 
respect to the beam bursts indicated that all gsb transitions decay 
within the experimentally detectable limit of 2 ns. 
The well known 8 isomeric state was excited weakly in the (c, 8n) 
reaction. The experimental results for the 8 -+ 8 553.3 keY transition 
are also included in Table 1. 
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Fig. 3. Nuclear moment of inertia versus the square of the rotational frequency for 
the gsb in 1820s 
In Fig. 3 the moment of inertia defined by 
20 	41-2 
' 
is plotted [1, 3] for 182 0s as a function of the square of the rotational 
frequency defined by 
12 I 1 
h2w2 	21_1)2 
Here the quantity I denotes the spin of the initial state, and [E1 —E12 ] 
is the transition energy. 
It is seen that the curve bends back at I= 10 and shows forward-
and downbending at I'— 16 k , so that a complete S-shape obtains. The 
backbending thus occurs at a somewhat lower spin in comparison with 
previous results [1-5]. The data here confirm and extend two other 
measurements on the 182 0s gsb recently brought to our attention [12]. 
The moment of inertia reaches a maximum of 74% of the rigid rotor 
value at w = 0, which is significantly smaller than the value of about 
90% obtained [3] for the nuclei ' 58 Er and 166Yb. 
The existence of this pronounced S-shape cannot be understood 
within the framework of Coriolis decoupling in the neutron orbital 
as given by Stephens and Simon [7] since they predict a smooth increase 
of 0 with the rotational frequency [8]. It is also unlikely that the present 
240 	 W. F. Davidson et al. 
result can be attributed to a Coriolis decoupling in the j512 neutron 
orbital, since its Q= 1/2 substate lies considerably above the Fermi 
level. If this nucleus were oblate, the backbending could then arise 
from decoupling in the 13/2  orbital. However, from the systematics 
of prolate and oblate nuclei [13] it follows quite conclusively that 182 0s 
is a prolate nucleus. 
The authors gratefully acknowledge the technical help of Mr. H. M. Jager, the 
fabrication of a high-resolution Ge(Li) detector by Dr. G. Riepe and Mr. D. Protié, 
and the assistance given by the operating crew of the cyclotron. We are grateful to 
Professor Z. Szymanski for valuable discussions. 
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High-Spin States and Coriolis-Decou pled Bands in 19194 Hg 
H. Beuscher, W. F. Davidson, R. M. Lieder, and A. Neskakis 
Inst itut fir Kernphysik, Kernforschungsanlage Jülich, D-51 7 Jülich, West Germany 
and 
C. Mayer- Bdricke 
Inst itut fir Kernphysik, Kernforschungsanlage Jiilich, D-517 Jülich, West Germany, and 
Department of Physics, University of Bonn, D-53 Bonn, West Germany 
(Received 5 February 1974) 
Ground-state bands up to 8 and negative-parity bands, in one case up to 15, have 
been established in 190192194Hg using (a ,m) reactions. Corresponding bands have been 
observed in 1993Hg and are interpreted as Coriolis-decoupled bands. 
In the odd-A Hg isotopes 195.197.199  Hg, bands 
have been observed by Proetel et al.' which show 
striking similarities to the ground-state bands 
(gsb) in the- neighboring even Hg isotopes. This 
has been explained' in the framework of the Con-
ohs-decoupling model, 2 where the Coriolis force 
decouples the odd particle \from the core and 
aligns its angular momentum in the direction of 
the rotation axis of the nucleus. Here the odd 
particle is an i, 312 neutron. The existence of 
Coriolis- decoupled bands in odd-A Hg isotopes 
indicates an oblate deformation.' This is in 
agreement with results from calculations by 
Faessler el al for even Hg isotopes where 
small negative deformations for the even Hg iso-
topes between A=198 and A=186 were suggested. 
Another interesting feature in the even Hg iso-
topes of mass number A = 192 to A = 200 is the ex-
istence of a level sequence of states with spin 
and parity assignments 5, 7,which de-ex-
cite into the gsb. 7 These states are strongly 
populated in (a,xn) and (heavy ion,xn) reactions. 
Lifetime measurements 8 in 194196198200Hg indi-
cate that these negative-parity levels are con-
nected by enhanced E2 transitions. It has been 
suggested by Cunnane et al .4  that they form a col-
lective band. According to Daly et al the intrin-
sic structure of these levels most probably in-
volves combinations of a decoupled i, 312 neutron 
with low-j neutrons in the adjacent 3p 312 or 2f5 ,2 
orbitals. Stephens has suggested' on the basis - 
of the Coriolis- decoupling picture that a corre-
sponding band might exist in the neighboring odd-
A Hg isotopes. Inthe present Letter evidence 
for the existencéf such bands—in 191 Hg and 193  Hg 
is presented for the first time. 
The isotopes 191193Hg were studied together 
with the neighboring even nuclei 190.192,194 Hg. 
For the three even isotopes the gsb was previ-
ously established up to 8 in 190Hg (Inamura et 
al.'°) and up to 6 in 112 Hg (Ref. 6) and 194Hg 
(Refs. 1, 6, 7). Isomeric 	states have previ- 
ously been observed in radioactive decay work 
for '°'Hg (Beuscher et al.") and 193 Hg (Lederer, 
Hollander, and Perlman 12). 
The states in the mercury isotopes 190-194 Hg 
were populated using (a, 4n) through (a, 8n) re-
actions. Enriched metallic ' 9 '-"'Pt targets were 
bombarded with a particles of 65 to 108 MeV 
from the Jillich isochronous cyclotron JULIC. 
The resulting y radiation was detected in-beam 
with various Ge(Li) detectors. Excitation func-
tions, y-ray angular distributions, yy-coinci-
dence spectra, and y-ray spectra time-related to 
the beam bursts of the cyclotron were measured. 
The experimental techniques and the methods 
used for deducing spin assignments have been al-
ready described.' 3 A y-ray angular distribution 
measurement following the reaction ' 81 Ta( 14N, 
5n)' 90Hg at E14 N =93 MeV was also carried out on 
the Louvain-La-Neuve cyclotron. 
As a result of these investigations level schemes 
for all five Hg isotopes were established. Those 
parts of the level schemes which are important 
in the context of this Letter are shown in Fig. 1. 
The full results and more details about the exper-
iments will be published later.' 4 
The gsb of 190.191,114  Hg were established up to 
8. Previous results' .6-11.10 were confirmed. The 
fact that higher levels in the gsb were not ob-
served can be understood since in 190,192 Hg iso-
meric 10 states have been located just above the 
8 gsb levels. 14  These isomeric states are pref-
erentially populated since they are yrast states. 
The negative-parity bands in 190.112.194 Hg were ob-
served up to considerably higher spin states—in 
843 
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FIG. 1. Level schemes of 190-  ' 94Hg. Energies are given in keV and are accurate to ± 0.3 key. Transition inten-
sities together with their errors in the last digit are also indicated. It should be noted that the i states in 191 • 193Hg 
are not the ground states of these nuclei; in 193  Hg the 	state is located at 141 keV (Ref. 12), and in "Hg this 
state is expected at a similar excitation energy (Ref. 11). 
112 Hg as far as the 15 state. The spin and parity 
assignments of the excited collective band in "'Hg 
were concluded from all available data and from 
the fact that the features of this band and of the 
interband transitions fit into the systematic be-
havior of all other even Hg isotopes. The pres-
ent results for the negative-parity band in ' 90Hg 
do not confirm the level assignments of Inamura 
et al.'° The fact that the negative-parity band 
could be observed up to 15 in 112  Hg and up to 13 
in 194  Hg gives further evidence that these states 
form a collective band since such .high angular 
momenta cannot be obtained by coupling of any 
two shell-model states appearing in the Hg re-
gion. 
In 111.193  Hg Coriolis -decoupl ed bands based on 
the L" isomeric state were found to be similar 
to those observed in the heavier odd-A Hg iso-
topes.' The assignment of spin to the band  
head was obtained from the study of. the decay of 
19 'Hg produced using the (d, 8n) reaction where 
only the decay of the 	isomeric state was ob- 
served. 1 ' The decoupled bands in 191 ' 93Hg up to 
the 	state have very similar level energies 
as the gsb states of the neighboring isotopes 
190.192.194 Hg up to 8. The energy of the 	- 
transitions in 191,193 Hg is considerably smaller 
than the energy of the lower transitions. The 
multipolarity of the 193.2-key transition in "3 Hg 
(the corresponding 166.9-key transition in 191 Hg 
is a component of an unresolved doublet) was es-
tablished to be of stretched quadrupole character 
in the angular distribution measurement. M2 
character is unlikely for these transitions since 
the U levels decay promptly within the experi-
mental resolving time of 5 nsec. 
In 191.193  Hg, moreover, a second band consist-
ing of stretched quadrupole transitions was ob- 
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VOLUME 32, NUMBER I5 	 PHYSICAL REVIEW LETTERS 
	
15 APRIL 1974 
served. The spin 9 of the lowest level of these 
bands was determined from the angular distribu-
tions of the 781.3- and 466.3-key transitions in 
"'Hg and of the 857.5- and 375.2-key transitions 
in "'Hg depopulating these 9 levels. Both the 
781.3- and the 857.5-key transitions have stretched 
dipole character (I Al I = 1) with a quadrupole ad-
mixture of - 10%. Therefore it is most probable 
that these transitions have MI +E2 character and 
that the parity of the corresponding initial states 
is positive. The 466.3- and 375.2-key transi-
tions are both of pure stretched dipole character. 
From these considerations a spin of 9 was con-
cluded for the lowest level of the second band. 
The 9 and  9 states appearing in ' 51 ' 93Hgare 
probably the unfavored members of the positive-
parity bands based on the 9 state. The present 
data indicate that the second 	state in 193  Hg 
might also have positive parity, although the da-
ta are not sufficient to draw any more substan-
tial conclusions about this 9 state. 
The structure of these second bands in 191,193  Hg 
is remarkably similar to the structure of the neg-
ative-parity bands in the neighboring even Hg iso-
topes. According to Stephens 9 these second bands 
in the odd-A Hg isotopes may be understood as 
decoupled bands corresponding to the negative-
parity bands in the adjacent even Hg isotopes. 
The spin 9 of the band head results in this pic-
ture from the fact that the decoupled i 1312 neutron 
can only be aligned to 9 along the rotation axis 
since the 5 state in the even Hg isotopes is be-
lieved to consist of a decoupled i 1312 neutron fully 
aligned along the rotation axis and of a 3p 312 or 
2f5,2 neutron.' 
These decoupled bands in the odd-A Hg iso-
topes based on the 9 state should have negative 
parity in the framework of the above coupling 
scheme. An experimental indication for the neg-
ative parity may be obtained from the fact that a 
21... 9+ interband transition has not been observed, 
an upper limit for the intensity being 0.05. The 
resulting branching ratio for the 9-9k inter-
band to the 9-9 intraband transition of <0.1 is 
easier to understand if the parity of these decou-
pled bands is negative. 
The existence, therefore, of the bands on these 
9 states in ' 91 ' 93Hg considerably strengthens the 
applicability of the picture of' Coriolis decoupling 
of particles in high-j orbitals in the Hg region. 
The authors are indebted to Professor F. S. 
Stephens for stimulating discussions, and to Pro-
fessor J. Vervier for providing beam time and 
support at the Louvain-La-Neuve cyclotron. The 
technical help of Mr. H. M. Jäger is gratefully 
acknowledged. 
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Abstract: Levels in 155157 '' 59 13y and in 155157159Er have been populated using (x, xny) reac-
tions where x = 5, 7 or 9. The resulting y-rays have been investigated using in-beam y-spectro-
scopic techniques. Mixed positive-parity bands were predominantly populated and are identified 
with the Coriolis-decoupled bands described in the framework of the rotation-alignment 
model of Stephens and coworkers. In the case of ' 57 Dy the band was observed up to the 52+ 
state. The absence of the backbending effect in these nuclei can be explained by the blocking of 
certain if neutron orbitals near the Fermi surface which are essential for the development of 
the backbending mechanism. 
E 
NUCLEAR REACTIONS 156158"60Gd(, xny), x = 5 or 7, E5 = 63-98 MeV; 
16016264Dy(, xn), x = 5, 7,9, E = 92-108 MeV; 144Nd(' 60, 5ny), E160 = 100 
MeV; measured E7 , l., y-y-At coin, (E7 , 0), ct' delay. 1 5 157,1 59Dy, 155,157-1 59 Er 
deduced levels, I, n, y-branching, y-mixing. Enriched targets. 
1. Introduction 
It has been established that certain odd-A nuclei show a band structure which is very 
similar to that observed in the ground state bands (g.s.b.) of neighbouring doubly 
even nuclei 1-6 ).  The existence of such bands has been explained in the framework 
of the rotation-alignment model by the Coriolis-decoupling of the valence particle 
of angular momentum  from the core and its alignment along the rotation axis of the 
On leave of absence at Cyclotron Institute, Texas A & M University, College Station, Texas 
77843, USA. 
tt Present address: Institut Laue-Langevin, BP 156, 38042 Grenoble Cedex, France. 
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nucleus 7).  This extra particle does not follow the rotation of the nuclear core any 
longer and therefore the odd nucleus develops a band structure like that in the ad-
jacent doubly even nuclei with the spin sequence j, j + 2,1 + 4.....In this way the 
rotation-alignment model yields a new coupling scheme applicable to odd-A nuclei 
where the projection off on the rotation axis is approximately a good quantum 
number 7).  The Coriolis forces responsible for the decoupling of the valence particle 
are strongest if it occupies a low-Q substate of a high-f orbit, which condition is 
fulfilled for prolate nuclei when the shell is almost empty, and for oblate nuclei when 
the shell is almost filled. The range of deformation where this coupling scheme 
applies is estimated by Stephens et al. 7) to lie in the range 0.1 < 1131 < 0.2. Examples 
of odd-A nuclei which fulfil the above criteria and for which decoupled bands have 
been observed are the lanthanum isotopes 2)  where the valence particle is an h, 
proton, and the erbium isotopes 1,3,4 ) and the mercury isotopes 5,6  ) where the 
valence particle is an i neutron. 
The study of the high-spin states in the decoupled bands of odd-A nuclei located 
adjacent to doubly even nuclei showing backbending can provide further insight 
into the mechanism giving rise to backbending 3).  It would be highly desirable to 
gain further information as to which of the two postulated mechanisms, namely 
the Coriolis anti-pairing (CAP) effect 8)  and the rotation-alignment scheme 9),  plays 
the dominant role in backbending. Models based on these mechanisms have been 
recently reviewed by Johnson and Szymañski 10)  and by Sorensen 11). 
There are a number of in-beam studies of the odd-A Dy isotopes which have been 
reported recently in the literature 1216).  In all these studies the highest spin state 
reached was -v-. It seemed worthwhile to populate states of higher spin than -- for 
the following reason. The backbending in the adjacent even Dy nuclei takes place at 
a critical angular momentum of 14 h or 16 h, and in the framework of the rotation-
alignment model the corresponding value of the critical angular momentum in the 
odd-A Dy nuclei is expected around spin values of or - due to the presence of the 
extra i f neutron. A brief report on the present results on 155,157,15 9Dy was con-
tributed to the Nashville Conference 17). 
Prior to the initiation of this study on the odd-A Er isotopes, the level structures 
of the positive-parity bands in 157  Er and 15 9E were known to 	and 
respectively 1).  A brief communication on the present results (up to spin value .f) 
was presented at the Munich conference 4).  Recently Grosse et al. 3)  published 
a study on the decoupled bands in 157  Er and "'Er, where the bands were definitely 
established to 
2. Experimental details 
The present experiments have been carried out using external ce-beams from the 
Jülich isochronous cyclotron JULIC where the final nuclei were produced by (, xn) 
reactions. All x-energies less than 90 MeY, which is the lowest operating energy for 
ce-beams from JULIC, were produced by degrading the primary beam using either 
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carbon or aluminium absorber foils. The v-rays from the final nuclei were inves-
tigated using conventional in-beam y-spectroscopic methods namely measurements 
of y-y-At coincidences, y-ray angular distributions and timing spectra of v-rays. 
In the three-parameter v-v-Lit coincidence measurements large volume Ge(Li) 
detectors (typically between 60 and 77 cm' active volume) were placed at ± 125° 
to the beam direction at a distance of 5.1 cm from the target spot. The detectors were 
shielded with lead so that the scattering of y-rays from one detector into the other 
was greatly minimised. Both y-ray energies and the time delay Lit between the coin-
cident events were written event by event on magnetic tape using a buffer tape system. 
Gamma-ray counting rates of 10000 c.p.s. and total coincidences rates of 1000 
c.p.s. were generally used. In the subsequent off-line sorting of the tapes containing 
these event-mode data, allowance could be made for the variation in width and loca-
tion of the time peak as a function of energy in order to correct for the energy 
dependence of the time resolution of the Ge(Li) detectors. 
For the y-ray angular distribution measurements a 62 cm' Ge(Li) detector of 
1.95 keY resolution at 1333 keY was used. It could be rotated about the target 
TABLE 1 
Summary of experimental details 
Final 
nucleus 
Target C) 	Target 
enrichment 
(%) 
Reaction E(MeV) Type of experiment 
155 D 156 	G 95.25 (cc, 5n) 70 y-ycoincidences (90x 106 events) 
156Gd 95.25 (cc, 5n) 76 y-angular distributions, timing 
1560d 92.0 (cc, 7n) 90 y-angular distributions, timing 
157 	D 160Gd 99.99 (cc, 7n) 98 y-y coincidences ( 	81 x 10 	events) 
1600d 99.99 (cc, 7n) 90 y-angular distributions, timing 
159 D 160Gd 99.99 (cc, Sn) 70 y-y coincidences  ( 	38 x 106  events) 
160 G 99.99 (cc, Sn) 63 y-angular distributions 
15  5E 160Dy') 96.6 (cc, 9n) 108 d) y-y coincidences ( 	50 X 106  events) 
144 N 97.51 (160, 5n)c) 100 d) y-angular distributions 
157 Er 16ODyb) 96.2 ((x, 7n) 95 y-y coincidences ( 	112x 106  events) 
160 D 96.2 (cc, in) 95 y-angular distributions 
160Dy 96.2 (cc, 7n) 108 d) timing 
' 59Er 162 D 96.26 ((x, 7n) 92 y-y coincidences ( 	81 x 106 events) 
162 	D 96.26 (cc, in) 92 y-angular distributions 
162 D 96.26 (cc, 7n) 100 timing 
) All targets were self-supporting metal ( 5 mg/cm 2) foils, except for the 160 Dy target which 
consisted of dysprosium oxide deposited on a mylar backing. 
6) The authors are very grateful to Dr. H. We and the mass separator group of the KFA Jülich for 
supplying them with this enriched target. 
C)  The angular distributions of v-rays  from the ' 44Nd(' 60, 5n)t 5 'Er reaction were measured at 
the Louvain-La-Neuve cyclotron. 
d) Byproduct of the study of the final nucleus 156Er (see ref. 
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position from 900  to 165° in 150 steps. A second Ge(Li) detector mounted at a fixed 
position served as monitor detector. The techniques used in our angular distribution 
measurements are described in detail in ref. 18). 
The natural beam pulsing of the isochronous cyclotron enabled timing spectra of 
y-transitions to be measured using various planar Ge(Li) diodes. For a 90 MeV 
cc-beam the time between pulses is 47 ns at JULIC and the beam bursts are 3 ns 
wide. The y-decay of states populated in the beam burst was measured in delayed 
coincidence with the beam burst. To pick up a timing signal from the beam pulses 
a 0.1 mm scintillator foil viewed by a photo-multiplier was mounted down-stream 
from the target. Using a 10 cm' Ge(Li) detector the time resolution was 5 ns FWHM 
for E, > 100 keV. 
Details of the experiments carried out in the study of 155, 157,15 9Dy and of 
155,157. 
159Er are summarized in table 1. 
3. Experimental results for 155,157,159  Dy 
A typical y-singles spectrum is shown in fig. 1. Here the y-rays emitted in the 
160Gd(cc, xn) reactions at E, = 90 MeV can be seen. The final nucleus 1 17 D was 
produced by the (cc, 7n) reaction which has the largest yield although a substantial 
amount of the cross section goes into the neighbouring nuclei 156 D and 158Dy. 
Two bands were observed in 157Dy, namely an i f neutron mixed positive-parity 
band and a negative-parity rotational band based on the !,' - [505] configuration 
which have been investigated before 14)  up to 	and 	respectively. The po- 
sitive-parity band is mixed to such an extent by the Coriolis interaction that no 
specific Nilsson orbital can be assigned. The high-spin states of the positive-parity 
band in 1 17 D are stronger populated in the (cc, 7n) reaction than in the (cc, 3n) 
reaction used by Klamra et al. 14).  The 676.4 keV 	.._, 	transition e.g. (which 
was observed but has not been assigned by Klamra et al. 14))  receives in the (cc, 7n) 
reaction 5.7 times more population than in the (cc, 3n) reaction. The peak to back-
ground ratio for the 676.4 keY line is under present experimental conditions 1.35 
times larger than in the experiments reported by Klamra et al. 14).  It appears, there-
fore, that the (cc, 7n) reaction is a more suitable tool for the study of these positive-
parity bands than the (cc, 3n) reaction. In 157 D y-transitions up to the 
transition in the positive-parity band have been observed. 
The identification of the members of the positive-parity band was obtained from 
a careful study of all individual coincidence spectra gated on the transitions in the 
positive-parity band. The interpretation of coincidence spectra has been fully de-
scribed before 19).  Two individual y-y coincidence spectra for the positive-parity 
band in 117 D are shown in fig. 2. These coincidence spectra are gated on the 625.9 
keV and 676.4 keV transitions, respectively. The assignment of these two y-lines as the 
-' 	and 	 transitions within the positive-parity band follows 
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Fig. 1. Gamma-ray spectrum following bombardment of an enriched 160Gd target with 90 MeV a- 
particles. Transitions between the members of the positive-parity band in '"Dy are assigned with their 
respective energies and spins. The open and filled circles above some of the y-peaks identify g.s.b. 
(oryrast)y-transitions in 158Dyand 156Dy respectively 2531 ).The y-peaks at 175.7,231.6 and 371.4 
keV are the V - '-, .' 	-+ -'j- and the 	transitions, respectively, in the . - [505] 
band of 157 Dy [ref. 14)].  These three y-peaks have been assigned to give an indication of how weakly 
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lowing the gating transition have constant intensity and that the transitions preceding 
the gating transition have the same intensities as observed in the y-singles spectrum. 
Applying the same arguments, the 720.6 keV line appearing in both coincidence 
spectra of fig. 2 was unambiguously assigned as the? + - + transition. In the 
98 MeV ALPHA PARTICLES ON 160  Gd 
COINCIDENCE MEASUREMENT 
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Fig. 2. Two y-y coincidence spectra gated on the .7 + 	+ and + 	+ members of the mixed 
positive-parity band in 157 13y. The 247.8 keV line appearing commonly in both coincidence spectra 
belongs to 154Gd [ref. 32)]  which is weakly produced by the 160Gd(, cL6n) reaction and which 
has y-lines contaminating the gating transitions. 
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lower coincidence spectrum of fig. 2 an arrow indicates the position of a very weak 
)'-ray of 762.3 keV which can be clearly seen in the summed coincidence spectrum 
shown in fig. 3 where gates have been placed on the --- - 	through 	- 29+ 
transitions. The assignment of this 762.3 keV line as the  transition is less 
certain than the unambiguous assignment of all lower lying transitions since this 
line can really clearly be seen only in the summed coincidence spectrum. This assign-
ment gains additional support, however, considering that the 762.3 keY line has the 
transition intensity expected from extrapolation of the intensity decrease observed 
for the preceding transitions and considering that its angular distribution indicates 
the large positive anisotropy characteristic of stretched E2 transitions (cf. table 3 
and fig. 4). 
The transitions between the unfavoured members 	 . . . of the 
positive-parity band in 1 17 D have not been observed in the present investigation. 
The intensity is estimated to be smaller by at least a factor of 10. The monotonically 
increasing energy of the y-lines in the positive-parity band is evident in fig. 3. This is 
reminiscent of the structure observed in the g.s.b. of a normal doubly even nucleus. 
That all the transitions in figs. 2 and 3 are of stretched E2 character was determined 
from the v-ray angular distribution measurements. The angular distributions for the 
y-transitions in the positive-parity band in 157Dy are displayed in fig. 4. They all 
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Fig. 3. Summed coincidence spectrum where the coincident y-spectra resulting from gates placed 
on five of the y-transitions between the favoured members of the mixed positive-parity band in 
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Fig. 4. Experimental angular distributions of y-rays which deexcite levels in the mixed positive-parity 
band in 157Dy 
It is also evident from fig. 4 that the shape of the angular distributions tends to flatten 
off at the most backward angles, this being indicative of a small but essentially non-
zero negative A 4  coefficient (see also table 3) required for a stretched E2 transition. 
The study of the time-spectra of the transitions in the positive-parity band indicai 1es 
that all these transitions are prompt within the experimental limit of 2 ns. 
Similar results were obtained for the nuclei '"Dy and ' 59Dy. In 15  5D eight 
members of the favoured band were established from y-y coincidence measuremehts. 
The assignment of the 699.4 and 741.8 keY lines as 41+  -* 	and 	. 
transitions, respectively, has to be considered tentative since the angular distributions 
of these two transitions could not be determined due to the fact that these y-lines 
were superimposed by contaminating y-transitions (cf. table 2). In 159Dy the fa-
voured members of the positive-parity band were identified from y-y coincidence and 
angular distribution measurements up to the 	.+ jL+ transition. In case ot 
159Dy additionally the unfavoured members of the positive-parity band up to the 
- 	transition were observed (see fig. 5). The results for 155 ' 157 ' 159Dy 
are summarized in tables 2, 3 and 4, respectively. 
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TABLE 2 
15 5 Dy y-ray energies, relative transition intensities and angular distribution coefficients in the 
156Gd(, 5n) reaction at Ea = 76 MeV 
Transition ) E7(keV) 	 A21A O 	 A 41A O 
17+ .~ 13+ V 227.4±0.3 	 100 	0.270±0.006 	 —0.056±0.004 
21+ ..17+ 1.1363.2±0.3 	71 	67 	0.302±0.008 	 —0.078±0.010 
25+ 	21+ 1,464.6±0.3 	3 	43 	0.312±0.012 	 —0.084±0.020 
.-+ -.4+ 544.14-0.3 	 28 	0.368±0.017 	 —0.084±0.023 
33+ 	29+ 605.4±0.3 	 16 	0.350±0.046 	 —0.131±0.064 
37+ .33+ 654.9±0.3 	 11 	0.286±0.071 	 —0.085±0.098 
41+ _ 37+ 699.4±0.5 	 4 	 b) 	
b) 
45+ - 	 L+ 741.8±0.7 	 2 	
b) 	 b) 
) The sequential nature and the ordering of all transitions was established from y-y coincidence 
measurements. 
b) Angular distributions could not be determined for the 699.4 keV y-ray since it is superimposed 
the 12 Ge(n, n'e) peak at 	695 keV, and also for the 741.8 keV y-ray because of its weak intensity on 
as well as the presence of a contaminating line. 
TABLE 3 
157 Dy y-ray energies, relative transition intensities and angular distribution coefficients in the 
160Gd(a, 7n) reaction at E = 90 MeV 
Transition ) E(keV) 	 Io 	 A2 1A, 	 A 4/A 0 
17+ 	13+ 196.9±0.3 	 100 	0.195±0.008 	 — 0.072±0.009 
21 + -.J7- 311.1±0.3 	 97 	0.295±0.011 	 —0.080±0.013 
410.7±0.3 	 92 	0.307±0.012 	 —0.088±0.014 
29+ .~ 25+ 495.2±0.3 	 64 	0.318±0.015 	 —0.088±0.018 
33+ 	>29+ 566.3±0.3 	 57 	0.287±0.018 	 —0.110±0.023 
37+ 	33+ 625.9±0.3 	 35 	0.361±0.031 	 —0.136±0.042 
2 T- 
41+ 	37+ 676.4±0.3 	 20 	0.287±0.050 	 —0.072±0.060 
45+ 	41+ 720.6±0.5 	 8 	0.36 ±0.11 	 —0.07 ±0.15 
49+ 	.45+ 762.3±0.7 	 4 	0.38 ±0.16 	
b) 
3)  The sequential nature and the ordering of all transitions was established from y-y coincidence 
measurements. 
b)  The fit was restricted to I +421A P2 (cos 0) only because of the weak intensity of this y-line. 
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TABLE 4 
159Dy y-ray energies °), relative transition intensities and angular distribution coefficients in the 
' 60Gd(z, Sn) reaction at E = 63 MeV 
Transition b) E7(key) C) A41A0 
19+ ..17+ 284.5 	 10 	—0.900±0.027 0.113±0.039 
17+ 210.4 	 98 	0.309±0.006 —0.066±0.007 
21+ 	17+ 303.1 	 102 	0.344±0.006 —0.072±0.009 
25+ 393.9 	 80 	0.324±0.008 —0.077±0.011 
29+ 	25+ 477.5 	 55 	0.340±0.011 —0.075±0.013 
33+ 552.8 	 36 	 0.356±0.017 —0.073±0.020 
37+ 619.1 	 20 	0.299±0.026 —0.071±0.035 
41+ 677.3 	 10 	0.206±0.043 —0.042±0.061 
45+ 	 d 727.1 	 4 	0.262±0.103 —0.175±0.146 
15+ 	11+ 215.3 	 34 	0.310±0.010 —0.056±0.014 
19+ 317.2 	 40 	0.336±0.010 —0.069±0.014 
23+ .~ 19+ 413.8 	 32 	0.341±0.015 —0.073±0.019 
27+ 	23+ 501.2 	 22 	0.293±0.021 —0.069±0.028 
31+ 	27+ 580.9 	 8 	0.379±0.035 —0.113+0.051 
35+ ~ 31+ 647.4 	 6 	0.264±0.062 —0.073±0.085 
°) Only those y-rays belonging to the mixed positive-parity band with E> 200 keY are listed. b) The assignment of all transitions within the level scheme was established from y-y coincidence 
measurements. 
°) Gamma energies accurate to ±0.3 keV. 
d)  A further peak at E = 762.3 keV was seen weakly in the coincidence spectra and tentatively 
assigned in ref. 17) as the - 	 — A5+ transition. It was not possible however to measure its angular 
distribution. 
4. Experimental results for 155, 157, 159Er 	 I 
A similar study as described in the previous section has been carried out fo the 
nuclei In all three erbium isotopes only transitions between the 
favoured members of the positive-parity bands have been observed, i.e. in these nuclei 
the unfavoured members of the positive-parity band were populated at least 10 times 
more weakly than the members of the favoured band. In '"Er the positive-parity 
band was identified up to the —* -- transition from y -y coincidence and angular 
distribution measurements. In 157Er seven members of the favoured band were 
found in the y-y coincidence measurement. The assignment of the 802.0 transition as 
41+ 
 transition is tentative since its angular distribution could not be de-
termined (cf. table 6). In "'Er the favoured band was establishedup to the 
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TABLE 5 
155 Er y-ray energies, relative transition intensities and angular distribution coefficients in the 
144Nd(160, Sn) reaction at E160 = 100 MeV 
Transition C) 	 E7 (key)b) 	 J 
17+ 	13+ 	 475.7 	 100 	0.41 ±0.03 	 —0.11±0.04 
	
— .11 - 	532.1 	 80 	 C) 	 C) 
25+ 	21+ 	 596.5 	 66 	0.38±0.04 	 —0.06±0.05 
C)  The sequential nature and the ordering of all transitions was established from y-y coincidence 
measurements. 
b)  Gamma energies accurate to ±0.4 keV. 
C)  Angular distribution not measurable because of the presence of the considerably more intense 
531.2 keV 9 —+ 8 y.transition in 156 Er [(ref. )] as well as a contaminant y-peak at 534.1 keY. 
TABLE 6 
"Er y-ray energies, relative transition intensities and angular distribution coefficients in the 
160Dy(cs, 7n) reaction at Ea = 95 MeV 
Transition C) 	 E(keV) b) 	 'tot 	 A 21A 0 	 A 41A 0 
17+ 	 266.4 	 100 	0.28±0.01 	 —0.05±0.01 
21+ 	17+ 	 414.8 	 79 	0.29±0.01 	 —0.04±0.01 
25+ - 	 527.2 	 48 	0.39±0.02 	 —0.05 ±0.02 
29+ 	25+ 	 622.2 	 31 	0.30±0.03 	 — 0.04±0.03 
33+ 	29+ 	 702.4 	 14 	0.34±0.05 	 +0.02±0.07 
37+ •,33+ 	 764.7 	 9 	0.23±0.07 	 —0.07±0.09 
41+ . 37+ 	 802.0 	 6 	 C) 	
C) 
C) The sequential nature and the ordering of the transitions was established from y-y coincidence 
measurements. 
b)  Gamma energies accurate to ±0.4 keV. 
C)  Angular distribution could not be determined because of a closely adjacent contaminant y.peak. 
transition considering the y-y coincidence data and angular distribution results ob-
tained in the present experiments. The results for 155,157,15 9Er are summarized in 
tables 5, 6 and 7 respectively. 
5. Discussion 
As a result of the present work the level schemes for the positive-parity bands in 
155, 157, 1 
59Dy and 155,157.15 9Er could be established. As an example the partial 
level scheme for ' 59Dy is shown in fig. 5. The low energy transitions of 30.6, 31.4, 
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TABLE 7 
159Er v-ray  energies, relative transition intensities and angular distribution coefficients in the 
16213y(, in) reaction at E = 92 MeV 
Transition 0) E7(keV) °) 'tot A 21A 0 A 41A 0 
17+ — 208.5 100 0.30±0.01 —0.07±0.01 2 	2 
21+ 	17+ 
—i-- —2 - 3499 89 0.31±0.01 —0.07±0.01 
25+ - 464.5 65 0.29±0.01 —0.07±0.02 
29+ 556.0 51 0.32±0.01 — 0.09±0.02 
+ — 
2 	2 
626.0 27 0.43±0.03 —0.15±0.03 
37+ -+ 675.7 16 0.34±0.04 —0.12±0.04 
-+ 
2 	2 
708.6 8 0.29±0.06 —0.26±0.07 
45+ 	±—'+ 
2 T 738.8 5 0.23 ±0.08 —0.16±0.12 
0)  The sequential nature and the ordering of all transitions was established from y-y coincidence 
measurements. 
b)  Gamma energies accurate to ±0.4 keV. 
56.8, and 62.0 keY are taken from the radioactive decay study of Boutet etal. 20).  With 
one exception the present results confirm and extend two previous studies 15,16). 
The energy of the 3+ transition in 159Dy was determined as 523.4 keY by 
Klamra et al. 16)  and tentatively as 522.4 keY by Boutet et al. 15).  The present 
coincidence results unequivocally give the energy of the 2i + transition as 
501.2 keY (see table 4). In 159Dy the mixed positive-parity band is composed of a 
favoured band consisting of levels with spin-parity values 
up to 	and an unfavoured band with spin-parity values 	 -+,... 
up to The splitting of this positive-parity band into these two separate sub-
bands is also substantiated in the recent theoretical investigations of Ring, Mang 
and Banerjee 21)  In this microscopic calculation for ' 59Dy (and also for 155Dy), 
the valence i j& neutron is completely decoupled from the rotating core for angular 
momenta larger than . Above this spin value the calculation shows that wo ro-
tational bands built on different intrinsic states exist which are identified ith the 
favoured and unfavoured bands mentioned above. 
Two y-transitions of 178.3 and 284.5 keY, which are connecting transitions between 
these sub-bands were also identified. Since the former transition was contaminated 
by the stronger —+ 177.7 keY transition, only the angular distribution of the 
284.5 keY y-ray could be measured. From table 4 it can be seen that it possesses a 
very large negative anisotropy, which is only compatible with a mixed dipole-quad-
rupole character of this transition. From the angular distribution of the 317.2 keY 
- -- transition the width of the Gaussian substate population, distribution of 
the 	state was determined to be o = 2.5 +0.2. Using this value of a the M1/E2 
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Fig. 5. Partial level scheme for 159Dy where emphasis has been placed on the decay of the mixed 
positive-parity band. The 	state is the ground state of 111Dy. 
mixing amplitude for the 284.5 keY - 	- 	transition was determined to be 
o = — 0.28 ±0.07 corresponding to an E2 admixture of (22±6) %. 
The level schemes for the other nuclei namely 111,117y  and 155, 157,15 9Er  all 
have a much simpler structure since only the favoured bands were observed in the 
present study. The members of the unfavoured bands receive considerably less pop-
ulation since they are pushed upwards away from the yrast line due to the in-
creasing amount of decoupling with decreasing deformation. The y-energies, relative 
transition intensities and the angular distribution coefficients of the cascading E2 
transitions are summarized in tables 2, 3, 5, 6, and 7. Information about the location 
of the 	states in 155. 157 Dy and in ' 59Er is given in refs. 1. 13, 14, 16.22) . . The  
exact location of the 	states is not yet known in 155, 157 Er [ref. 1)].  However, 
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Fig. 6. Systematics of the energies of the Al 1- -+ 	transitions in the odd-A erbium isotopes 23 ) 
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Fig. 7. Ratio of transition energies of transitions in the decoupled bands and the corresponding ones 
in the g.s.b. of the neighbouring doubly even nuclei for 155151159Dy. The value used for the 
doubly even nuclei is the average of the two adjacent nuclei 24.2 34) . 
although definitive knowledge about the locations of the 	states in 151. 157  
on which the bands are built, is lacking, consideration of the systematics of all the 
odd-A isotopes "'Er through to 16  'Er [see ref. 23)]  strongly suggest that the pro-
posed spin assignments are correct. The systematical behaviour of the !j 71 -+ 
transitions in the odd-A Er isotopes together with the 2 -+ 0 transitions of the 
g.s.b. of the neighbouring even Er isotopes is depicted in fig. 6. The points for the 
odd and even Er nuclei lie on two smooth curves which approach one another as the 
more neutron-deficient Er isotopes are reached. The latter fact serves as another in-
dication that the rotation-alignment model becomes increasingly more applicable as 
the neutron number and the deformation decrease. 
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Another way to illustrate the applicability of the rotation-alignment model is 
given for 155,157.15 9 13y  in fig. 7 where the ratio of energies of corresponding transi-
tions in the decoupled bands and in the g.s.b. of the adjacent even nuclei is plotted 
versus angular momentum. This way of plotting gives a better insight as to how the 
degree of decoupling changes with angular momentum. Above I = 6 the i y neutron 
seems to be completely decoupled from the core for all three Dy isotopes. The lim-
iting energy ratio, however, is 1.15 rather than 1.0. This probably means that the 
core of the odd nucleus differs somewhat from the even nucleus because of the pres- 
ence of the extra neutron. The energy ratio increases with decreasingspin for 157 ' 15913y.
In these nuclei the Coriolis forces are not strong enough to decouple the i i, neutron 
from the core when the nucleus is rotating slowly. In contrast, for 155Dy the energy 
ratio decreases. According to the recent calculations of Ring et al. 21)  this can be 
explained by an admixture of the g state into the i . state. 
Because of the similar band structure observed for the favoured members of the 
positive-parity band in the odd-A nuclei and the g.s.b. in the neighbouring even-A 
nuclei it is also interesting to make backbending plots for the odd-A nuclei. In figs. 8 
and 9 these plots are shown for the odd-A Dy and Er isotopes respectively. In these 
figures the backbending plots for the yrast bands of the neighbouring even-A Dy and 
Er isotopes have been included for comparison 24_26).  The points for the decoupled 
bands of the odd-A Dy and Er isotopes were calculated assuming the spin sequence 
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Fig. 8. Backbending plots for odd-A and even-A Dy isotopes. The data points for the odd-A Dy 
isotopes derive from the present work; the data points for even-A Dy isotopes have been taken 
from refs. 24.25.34  ). Transitions for which the angular distribution was not determined are connected 
by dotted lines. 
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Fig. 9. Backbending plots for odd-A and even-A Er isotopes. The data points for the odd-A Er iso- 
topes derive from the present work; the data points for the even-A Er isotopes have been taken 
from refs. 33_35).  Transitions for which the angular distribution was not determined are connected 
by dotted lines. 
be stated that this procedure is really only completely applicable when the i f neutron 
is completely decoupled from the core. 
The backbending plots for the Dy isotopes in fig. 8 indicate that the curves for the 
odd-A and even-A isotopes are similar up to about a spin value of 10. Above this spin 
value the curves backbend for the even mass Dy isotopes whereas the curves for the 
odd mass Dy isotopes exhibit no such singular behaviour. In the case of 157Dy the 
positive-parity band extends up to a spin value of , which incidentally to the best 
of our knowledge is the highest nuclear angular momentum detected to date. 
Similar results were obtained from the comparison of the odd-A isotopes 157, 1 "Er 
and the adjacent even-A isotopes 116,158,16  'Er (fig. 9). The positive-parity band was 
definitely established up to in 15  'Er. As in the odd-A Dy isotopes, no back-
bending was observed in 157, 159Er The absence of backbending in these odd-A Dy 
and Er isotopes around the critical angular momentum of about - or - expected 
from a comparison with the even-A Dy and Er isotopes can be explained not only in 
the framework of the rotation-alignment model but also in models based on the CAP 
effect. In both models the mechanism leading to the backbending effect is hindered 
by the blocking of a level near the Fermi surface 3.2627) 
In the rotation-' alignment model the backbending in the even-A nuclei is attributed 
to the crossing of the g.s.b. with a two-quasiparticle band built on an aligned (if )2 
neutron intrinsic state. In an odd-A nucleus the valence i f neutron is already oc-
cupying the state of maximum projection on the rotation axis. To obtain backbending 
a three-quasiparticle state has therefore to be formed which includes states of lower 
projection onto the rotation axis. The formation of such a three-quasiparticle state 
needs more energy. The band based on the three-quasiparticle state consequently 
crosses the band based on the i f state at a higher angular momentum than for an 
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even-A nucleus, or not at all 26)  Therefore backbending, if existent at all, is expected 
to take place at a higher spin value. 
In the Coriolis anti-pairing model backbending is expected if there exists a suf-
ficiently large level density in the vicinity of the Fermi surface, which means when 
strong pairing is present 27,28  ). The blocking of a level near the Fermi surface by an 
extra neutron reduces the level density, and thereby the pairing, with the consequence 
that no rapid phase transition may occur 27).  Whether backbending is actually sup-
pressed depends also on the properties of the state occupied by the valence particle. 
It is expected that the break-up of pairs is hindered if a level is blocked, which is con-
nected by a large Coriolis matrix element with a state occupied by a pair to be broken. 
The Coriolis matrix element is large only between levels of large angular momentumj 
and small projection Q belonging to the same shell model state, e.g. i. 
Ring et al. 21)  investigated theoretically for 15  ' 5913y how the occupation of 
certain levels by the extra neutron affects the backbending behaviour of these nuclei. 
The detailed calculations show that the blocking of an i level hinders backbending 
while blocking of the -- [505] member of the h. orbital does not. According to 
Mang 36)  the same effect is expected for ' 57Dy. We have searched therefore for a 
backbending effect in the --- band but in the present experimental investigation this 
band could not be established up to the backbending region. However, for the nucleus 
16  5Y [ref. 29)]  where the Fermi surface lies only slightly higher than for the presently 
studied Er and Dy nuclei, the backbending properties proposed by Ring et al. have 
been observed. 
It was thought that the study of odd-A nuclei in the backbending region might be 
able to distinguish between the rotation alignment and CAP models 3).  However, 
in view of the explanations given here it seems at present that these experimental 
results can be qualitatively understood in the rotation-alignment and the CAP 
models. 
Another piece of relevant information is that the backbending recently observed 3 0) 
in 157,159.16  'Ho can be understood using the same agruments as mentioned above. 
Here the valence particle is a h j proton which does not affect the backbending 
behaviour determined by the i f neutrons. From this result and the results presented 
in this paper for the Er and Dy isotopes it can be concluded that the backbending 
effect in this region of nuclei is determined by the properties of the i neutrons. 
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are indebted to the cyclotron operating crew for their support. We are grateful to 
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cyclotron, and to Profs. A. Faessler and H. J. Mang for fruitful discussions. 
References 
F. S. Stephens, in Proc. mt. Coat'. on properties of nuclear states, Montreal, Canada, 1969, 
ed. M. Harvey et al. (Presses de 1'Universit6 de Montreal, Montreal, 1969) p.  141 
F. S. Stephens, R. M. Diamond, J. R. Leigh, T. Kammuri and K. Nakai, Phys. Rev. Lett. 29 
396 	 H. BEUSCHER et al. 
(1972) 438 
E. Grosse, F. S. Stephens and R. M. Diamond, Phys. Rev. Lett. 31 (1973) 840 
H. Beuscher, W. F. Davidson, R. M. Lieder and C. Mayer-Boricke, Proc. mt. Conf. on nuclear 
physics, Munich, 1973 vol. 1, ed. J. de Boer and H. J. Mang (North-Holland, Amsterdam) 
p.189 
H. Beuscher, W. F. Davidson, R. M. Lieder, A. Neskakis and C. Mayer-Boricke, Phys. Rev. 
Lett, 32 (1974) 843 
D. Proetel, D. Benson, M. R. Maier, R. M. Diamond and F. S. Stephens, in Proc. mt. Conf. on 
nuclear physics, Munich, 1973 vol. 1, ed. J. de Boer and H. J. Mang (North-Holland, Amster-
dam) p. 194 
F. S. Stephens, R. M. Diamond and S. G. Nilsson, Phys. Lett. 44B (1973) 429 
B. R. Mottelson and J. G. Valatin, Phys. Rev. Lett. 5 (1960) 511 
F. S. Stephens and R. S. Simon, NucI. Phys. A183 (1972) 257 
A. Johnson and Z. Szymañski, Phys. Reports 7C (1973) 181 
R. A. Sorensen, Rev. Mod. Phys. 45 (1973) 353 
K. Krien, R. A. Naumann, J. 0. Rasmussen and I. Rezanka, Nuci. Phys. A209 (1973) 572 
S. A. Hjorth and W. Klamra, NucI. Phys., submitted 
W. Klamra, S A. Hjorth, J. Boutet, S. Andre and D. Barnéoud, Nuci. Phys. A199 (1973) 81 
J. Boutet and J. P. Torres, Nuci. Phys. A175 (1971) 167 
W. Klamra, S. A. Hjorth and K.-G. Rensfelt, Phys. Scripta 7 (1973) 117 
W. F. Davidson, R. M. Lieder, H. Beuscher, A. Neskakis and C. Mayer-Boricke, Proc. mt. 
Conf. on reactions between complex nuclei, Nashville, 1974, vol. 1, ed. R. L. Robinson et al. 
(North-Holland, Amsterdam), p.  190 
H. M. Jager et al., Nuc!. Instr. 125 (1975) 53 
R. M. Lieder, H. Beuscher, W. F. Davidson, P. Jahn, H.-J. Probst and C. Mayer-Boricke, Z. 
Phys. 257 (1972) 147 
J. Boutet, J. P. Torres and P. Paris, Nucl. Phys. A167 (1971) 326 
P. Ring, H. J. Mang and B. Banerjee, Nucl. Phys. A225 (1974) 141 
W. Andrejtscheff, P. Manfrass, K. D. Schilling and W. Seidel, Nuci. Phys. A225 (1974) 300 
S. A. Hjorth, H. Ryde, K. A. Hagemann, G. Løvhøiden and J. C. Waddington, NucI. Phys. A144 
(1970) 513 
H. Beuscher, W. F. Davidson, R. M. Lieder, A. Neskakis and C. Mayer-Boricke, Proc. mt. 
Conf. on reactions between complex nuclei, Nashville, 1974, vol. 1, ed. R. L. Robinson et al. 
(North-Holland, Amsterdam) p.  189 
R. M. Lieder et al., Phys. Lett. 49B (1974) 161 
F. S. Stephens, Proc. mt. Conf. on nuclear physics, Munich, 1973, vol. 2, ed. J. de Boer and 
H. J. Mang (North-Holland, Amsterdam, 1973) p.  367 
A. Faessler, Proc. mt. Conf. on reactions between complex nuclei, Nashville, 1974, vol. 2, ed. 
R. L. Robinson et al. (North-Holland, Amsterdam) p.  437 
J. Krumlinde and Z. Szymañski, Phys. Lett. 36B (1971) 157 
L. L. Riedinger, P. H. Stelson, E. Eichler, D. C. Hensley, N. R. Johnson, R. L. Robinson, R. 0. 
Sayer, G. J. Smith and G. B. Hagemann, Proc. mt. Conf. on reactions between complex nuclei, 
Nashville, 1974, vol. 1, ed. R. L. Robinson et al. (North-Holland, Amsterdam) p. 175 
E. Grosse, F. S. Stephens and R. M. Diamond, Phys. Rev. Lett. 32 (1974) 74 
P. Thieberger, A. W. Sunyar, P. C. Rogers, N. Lark, 0. C. Kistner, E. der Mateosian, S. Cochavi 
and E. H. Auerbach, Phys. Rev. Lett. 28 (1972) 972 
T. L. Khoo, F. M. Bernthal, J. S. Boyno and R. A. Warner, Phys. Rev. Lett. 31 (1973) 1146 
H. Beuscher, W. F. Davidson, R. M. Lieder, C. Mayer-Boricke and H. IhIe, Z. Phys. 263 (1973) 
201 
0. Saethre, S. A. Hjorth, A. Johnson, S. Jagere, H. Ryde and Z. Szymañski, Nuci. Phys. A207 
(1973) 486 
W. W. Bowman, D. R. Haenni and T. T. Sugihara, Progress in Research Report, Cyclotron 
Institute, Texas A & M University, 1972/1973, p.30 
H. J. Mang, private communication, 1974 
I.E.!: 3.AI Nuclear Physics A248 (1975) 317-341; © North-Holland Publishing Co., Amsterdam 
Not to be reproduced by photoprint or microfilm without written permission from the publisher 
EXCITATION OF HIGH-SPIN STATES IN '90"91"92"93" 94H 
THROUGH (, xn) REACTIONS 
R. M. LIEDER, H. BEUSCHER t,  W. F. DAVIDSON if and A. NESKAKIS 
Inszi:utfiir Kernphysik, Kernforschungsanlage Jiilich, D-517 Jiilich, West-Germany 
and 
C. MAYER-BORICKE 
Institut für Kernphysik, Kernforschungsanlage Jiiliéh, D-517 Julich, West-Germany 
and 
Department of Physics, University of Bonn, D-53 Bonn, West Germany 
Received 3 March 1975 
Abstract: High-spin states in 190-191-192 . 193,194  Hg have been populated with (cc, xn) reactions 
and studied using in-beam y-ray spectroscopy methods. Several new features have been ob-
served in these nuclei. In the ground state bands of 190. 192.194 Hg, in addition to the low-spin 
states up to 8F,  a sequence of high-spin states on top of the 10 isomer (up to 18+in 
192,194 Hg) was observed. The energy spacings of the new level sequences in 190. 192. 194Hg 
resemble very closely those observed for the low-lying members of the ground state bands up 
to 6. The 10+ state has probably a (ih 2 ) two-proton-hole configuration and the level 
sequence above the 10 isomer has possibly a structure similar to the low-lying states of the 
ground state band. In 192. "'Hg the even-spin members of the negative-parity bands with 
spins and parities 12",  were established. These states are shifted up-
wards in energy with respect to the odd-spin members 5, 7, 9 ..... 1 in accordance with 
recent theoretical calculations. In 191.  193H  a level structure has been observed which com-
pares remarkably well with the band structure of the neighbouring even nuclei. This can be 
interpreted in the framework of the rotation-alignment model by Coriolis-decoupling of the 
extra if neutron from the core. 
E 
NUCLEAR REACTIONS 194,195, 196Pt(cc,xny), E =65-108 MeV; 181 Ta( 14N, Sny), 
E— 93MeV; measured E7 , I,, y(2), y(0), 7(t). 190 ' 191 ' 92 '' 93 '' 94 ' 95 Hg deduced 
levels, .1, t, ô, y-branching. 190.192. ' 94Hg levels deduced T+. 191.193 Hg transitions 
deduced .B(E2). Enriched targets. Ge(Li) detectors. 
1. Introduction 
The mercury nuclei are situated in a transition region which lies above the region 
of the deformed prolate rare earth nuclei and just below the spherical lead nuclei at 
Z = 82. The heavier Hg isotopes have a small oblate defQrmation 1, 2). There are 
several interesting features which have been found to be common in all the Hg iso- 
t On leave of absence at: Cyclotron Institute, Texas A & M University, College Station, Texas 
77843, USA. 	 - 
ft Present address: Institut Laue-Langevin, BP 156, 38042 Grenoble Cedex, France. 
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topes between mass numbers A = 190 and 198. We shall briefly review those features. 
The ground-state bands (g.s.b.) in the even Hg isotopes 1.2)  all have a 2 state at 
420 keV whose deexciting E2 transition is enhanced 3)  by a factor of 30, and 
they possess an approximately equidistant 4, 6, 8 sequence on top of the 2 state. 
Alaga and Paar 4)  have interpreted the 2 state in the particle-vibrator coupling 
scheme as a two-proton-hole "intruder" state with configuration (7rs Rd') and 
have been able to offer an explanation for the enhancement of the 2 -+ 0 transition. 
Alaga and Paat 4)  considered the 4 and 6 states to form phonon multiplet states 
based on this 2 intruder state. Situated just above the 8 state in the g.s.b. of each 
even Hg isotope one finds a 10 isomer with a half-life in the 7-25 ns range 
2, 5) . 
Arguments have been advanced 245) suggesting that these isomers and essentially 
also the 8 +  states are composed predominantly of a (7rh 2 ) two-proton-hole config- 
uration. 	 4 
A level sequence of states with spins and parities 5, 7, 9, . . . deexciting into 
the g.s.b. is observed in the even Hg isotopes 1.26)  It has been suggested by Cunnane 
et al. 7) that these states form a collective band since in 19 4. 196. 198 . 200Hg the 
7 -+ 5 transitions are enhanced by a factor of 30 [ref. 
8)].  This interpretation 
receives additional support from the fact that in "'Hg these negative-parity states 
could be identified up to 15 [ref. ')]. It was suggested by Yates et al. that this band), 
is a two-quasiparticle decoupled band whose intrinsic structure probably consists 
of a completely decoupled i i, neutron and a low-j neutron of opposite parity in the 
•adjacent p, p or f4. orbitals 6). 
These negative-parity bands have recently been discussed by Neergârd et al. 
9) 
using a theoretical model consisting of two quasiparticles coupled to an oblate rotor. 
Their calculations indicate that in addition to the odd-spin negative-parity levels 
there should also exist an even-spin negative-parity sequence of levels shifted upwards 
in energy with respect to the odd-spin states. Similar calculations have been carried 
out by Flaum et al. 10) which lead to the same conclusion. 
In the neighbouring odd nuclei 191" 93" 95' 197Hg level structures were observed 
[refs. 1.2)] which resemble very strikingly those in the even Hg isotopes. A 
level sequence has been found in 191 . 193 . 195197Hg which has the same 
transition energies as the corresponding g.s.b. transitions in the neighbouring even Hg U 
isotopes. The current interpretation is that this band is a Coriolis-decoupled band, 
where an i 4  neutron is decoupled from the core 
1.2), assuming that the Hg nuclei 
have a small oblate deformation. Furthermore, a side band of spin sequence 
... was established 1.2) whose energy spacings between the levels, 
resemble very closely those in the 5, 7, 9, ... band in the adjacent even Hg 
isotopes. In the Coriolis-decoupling picture these side bands are interpreted as three-
quasineutron decoupled bands related to the negative-parity bands found in the 
neighbouring even nuclei. Theband head is obtained by coupling of the extra 
ii, neutron of the odd Hg isotopes to the configuration of the 5 states. The i 
valence neutron, however, can only be aligned to '- along the rotation axis since the 
190.191.192.193.194 Hg 	 319 
- projection is already occupied by the completely decoupled i it neutron involved 
in the configuration of the 5 states. Consequently a spin 1 = - results for the band 
head of the three quasiparticle bands 1.2) 
We have investigated the nuclei 190j91192193194Hg using in-beam spectroscopic 
methods following (cc, xn) reactions. It has been possible to observe states of spin up 
to 18 in the even Hg isotopes, and up to - in the odd Hg isotopes. The g.s.b. in 
192,194 Hg was extended beyond the 10 isomer up to 18. In the nuclei 192,194  Hg 
the missing even-spin members of the negative-parity band were also found. In 193  Hg 
bands with a structure very similar to these new bands in 192,194  Hg were established. 
Some preliminary results on 194  Hg have been the subject of a short communica-
tion 11). 
2. Experimental methods 
The final nuclei 190" 91 ' 192" 93 ' 194Hg were studied in-beam using (cc, xny) reac-
tions, the cc-beams being delivered from the Jülich isochronous cyclotron JULIC. All 
cc-energies less than 90 MeY, which is the lowest operating energy for cc-beams from 
JULIC, were produced by degrading the primary beam using either carbon or 
' aluminum absorber foils. The y-rays from the final nuclei were investigated using 
conventional in-beam y-spectroscopic methods namely measurements of Y1Y212 
coincidences, y-ray angular distributions and timing spectra of '-rays. In the three-
parameter 1 -y2 -t 12 coincidence measurements large volume Ge(Li) detectors 
(typically between 60 and 77 cm 3 active volume) were placed at ± 125° to the beam 
direction at a distance of 4 cm from the target spot. The detectors were shielded with 
lead so that the scattering of y-rays from one detector into the other was greatly 
minimised. Both y-ray energies and the time delay t12 between the coincident events 
were written event-by-event on magnetic tape using a buffer tape system. Gamma-ray 
counting rates of 10000 c.p.s. and total coincidence rates of 1000 c.p.s. were 
generally used. In the subsequent off-line sorting of the tapes containing these event-
mode data allowance could be made for the variation in width and location of the 
time peak as a function of energy in order to correct for the energy dependence of 
the time resolution of the Ge(Li) detectors. 
For the y-ray angular distribution measurements a 62 cm' Ge(Li) detector of 
1.95 keV resolution at 1333 keY was used. It could be rotated about the target 
position from 90° to 165° in 15° steps. A second Ge(Li) detector mounted at a fixed 
• position served as monitor detector. The techniques used in our angular distribution 
measurements are described in detail in ref. 12) 
The natural beam pulsing of the isochronous cyclotron enabled timing spectra of 
y-transitions to be measured using various planar Ge(Li) diodes. For a 90 MeV cc-
beam the time between pulses is 47 ns at JULIC and the beam bursts are 3 ns 
wide. The y-decay of states populated in the beam burst was measured in delayed 
coincidence with the beam burst. To pick up a timing signal from the beam pulses a 
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TABLE I 
Summary of experimental details 
Final Target ) Reaction E (MeV) Type of experiment 
nucleus 
19 4 Hg A 196Pt(a, 6n) 76 y-y coincidences ( 	 66 x 106  events) 
B 195Pt(, 5n) 65 y-ray angular distributions 
A 196Pt(x, 6n) 76 timing 
193 Hg B 195 Pt(x, 6n) 80 y-y coincidences ( 	 59 x 
106  events) 
A 196Pt(ac, 7n) 90 y-ray angular distributions, timing 
t92Hg B 194Pt(, 6n) 84 y-y coincidences ( 	 59 x 106  events) 
B 194Pt(cc, 6n) 80 y-ray angular distributions, timing 
191 Hg B 194Pt(c, 7n) 95 y-y coincidences (z 88 x 106  events) 
B 194Pt(x, 7n) 95 y-ray angular distributions, timing 
190H9 B 194Pt(oc, 8n) 108 y-y coincidences (a 44 x 
106  events) 
B 194Pt(, 8n) 108 y-ray angular distributions, timing 
161Ta 18iTa(14N, 5n) b) 	93 y-ray angular distributions 
) All targets were self-supporting metal foils ( 20mg/cm 2); the enrichment of target A was 
549 % 196p 33.5 % 195Pt and 8.9 % 194Pt; the enrichment of target B was 8.0 % 196 Pt, 34.2 % 
195 Pt and 57.2% 194Pt. 
6)  Measurement was carried Out at the Louvain-la-Neuve cyclotron. 
0.1 mm scintillator foil viewed by a photo-multiplier was mounted downstream from 
the target. Using a 0.9 cm' Ge(Li) detector the time resolution was 6 ns 
FWHM for E> 80keV. 
Some details of the experiments carried out in the study of 190, 191, 192,193, '94Hg 
are summarized in table 1. 
3. Experimental results 
In this section the experimental data are summarized. The procedures used to place 
y-transitions within the level scheme of a particular nucleus have previously been 
described 13) 
A representative v-singles spectrum taken with a high resolution 62 cm 3 Ge(Li). 
detector is shown in fig. 1. This y-spectrum results mainly from the 194Pt(cc, xn) 
reaction at E6  = 80 MeV. At this cc-energy the (cc, 6n) reaction has the largest yield. 
The V-transitions in 192Hg appear the strongest. Since the enrichment in this target. 
was 57.2% for 194Pt, 34.2% for 19 5P and 8.0% for ' 96Pt (cf. table 1), 
193,194  Hg-4 
were also produced in substantial amounts. The V-ray energies of lines in 191,193 Hg 
are indicated in fig. 1. The spectra are very complex and it was essential to use a high 
resolution detector to resolve the lines. 
Since a study of these y-singles spectra by themselves did not allow the construction 
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Fig. 1. Gamma-ray spectrum following the bombardment of a target consisting of 57.2% 194Pt, 
34.2% 195 Pt and 8.0% 196Pt with 80 MeV a-particles. Transitions in 192Hg are assigned with 
their respective energies. Transitions in 193.  ' 94Hg are assigned with their respective energies and 
additionally are labelled by filled and open circles, respectively. 
3 sample coincidence spectra are shown where gates have been placed on six y- 
transitions in ' 94Hg, this nucleus being excited through the 196Pt(cc, 6n) reaction at 
= 76 MeV. In subsect. 3.1 we shall discuss the y-y  coincidence spectra of 
194  Hg 
more fully. 
In order to obtain information concerning spin assignments in the Hg nuclei, 
y-ray angular distributions were measured. A typical example of such data is displayed 
in fig. 4 where the angular distributions of all y-transitions placed in the "'Hg level 
scheme are presented. Those transitions with large positive anisotropies are inter-
preted as stretched E2 transitions, those transitions with small negative anisotropies 
(such as the 232.2 and 375.2 keY transitions) are interpreted as pure (or almost pure) 
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Fig. 2. Background-corrected y-y coincidence spectra gated with the 427.9 keV, 705.9 key and 
574.4 keV transitions in 194Hg The y-y coincidence spectra gated with the 705.9 keV and 574.4 
keV transitions contain also lines of 195 Hg and 193 Hg, respectively, since transitions belonging to 
these nuclei contribute to the respective gates. 
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Fig. 3. Background-corrected y-y coincidence spectra gated with the 564.7 keY, 280.2 keV and 
412.9 keY transitions in "'Hg. 
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Fig. 4. Experimental angular distributions of y-transitions in ' 93Hg measured using the ' 96Pt(, 7n) 
reaction at Ea = 90 MeV excepting the 745.4 keV transition. The angular distribution of this 
transition was determined using the 194Pt(, 5n) reaction at E = 65 MeV. The solid curves are 
fits of the angular distribution function W(0) = Ao+A2P2(cosO)+A4P4(cosO) to the experimental 
data points. 
dipole Al = 1 transitions preferably of El character, and those transitions with large 
negative anisotropies (such as the 606.3 and 857.5 keV transitions) are interpreted as 
mixed dipole-quadrupole Al = 1 transitions and are assumed to be of Ml +E2 
character. 
Since isomeric states are known to exist in the Hg nuclei, timing data were also 
recorded in these experiments. The time spectra of the 227.7 and 280.2 keY y-transi-
tions in 194 Hg are shown in fig. 5. The 227.7 keY transition has a time resolution 
curve with the shape of the prompt time resolution curve. An upper limit of 1.5 ns 
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Fig. 5. Time spectra of the 227.7 keV and 280.2 keV transitions in "'Hg. The 227.7 keY transition 
has a prompt shape. The prompt peak has 4.7 ns FWHM and slopes with a half-life of 1.5 ns. The 
280.2 keY transition is an isomeric transition with a half-life of 11 ±2 ns. 
can be deduced for the half-life of the initial state. The 280.2 keY transition, however, 
is observed to be delayed, and a half-life of 11 ± 2 ns was derived for the isomeric 
state deexcited by this transition. 
The detailed results for each Hg nucleus are given in the following subsections. 
3.1. THE NUCLEUS 194  Hg 
The information obtained in these measurements for the nucleus 194  Hg is summa-
rized in table 2 and consists of '-ray energies, total transition intensities, angular 
distribution coefficients and multipolarities. The level scheme for 194  Hg resulting 
from this work is shown in fig. 6. Three different bands each consisting of a cascade 
of stretched E2 transitions were established. All y-transitions shown in fig. 6 were 
observed in the y-y coincidence experiments, with the exception of the 10 - 8 
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TABLE 2 
' 94Hg y-ray energies, relative transition intensities and angular distribution coefficients in the 
> 95Pt(c<, 5n) reaction at E = 65 MeV 
E, (key)') 	Transition 	- 	 A 41A 0 	Multipolarity 
97.0 7 - 	5 0.55±0.07 0.27±0.04 -0.08±0.06 E2 
111.2 7 	- 	 6' 0.11±0.03 -0.08±0.04 -0.04±0.06 El 
227.7 8< 7 0.16±0.04 -0.63±0.05 0.08±0.08 Ml+(6±2)% E2 
232.8b) 9 - 	 7 0.50±0.08 0.24±0.08 -0.06±0.12 E2 
236.2 16<> -* 14 0.14±0.04 0.43 ±0.07 -0A0±0.09 E2 
280.2 ') 10 , 	9 0.21±0.04 -0.15±0.04 C) -0.03±0.07 C) (El) 
306.0 18(-) 	16 0.06±0.03 0.31 ±0.11 -007±0.16 E2 
382.7d) (17) 	15 - 0.04±0.02 d) d) d) 
412.9 12 	--)-10+ 0.26±0.05 0.36±0.05 -0.06±0.07 E2 
418.5 - ) 10(-) 9 0.03±0.02 C) C) C) 
423.8 10> 	8> 0.12±0.04 0.46±0.08 0.02±0.12 E2 
427.9 2 	-+ 0 1.00±0.08 0.26±0.02 -0.07±0.03 E2 
485.1 15 - 13 0.07±0.03 0.35±0.10 -0.01±0.15 E2 
544.4 11 - 	9 0.23±0.05 0.32±0.06 -0.08±0.09 E2 
564.7 8+ 6 0.33±0.05 0.34±0.04 -0.04±0.06 E2 
574.4 14<> 	12<> 0.14±0.04 0.32±0.07 -0.05±0.10 E2 
611.0 1) 12(-) 	10 0.14±0.05 0.31±0.07 -0.07±0.10 E2 
636.4 4> 2 1.00±0.09 0.25±0.03 -002±0.04 E2 
643.0 14 	- 	 12 0.13±0.05 0.44±0.09 0.01±0.14 E2 
705.9 13 - 	 - 	 11 0.09±0.04 0.44±0.12 -0.06±0.18 E2 
710.3 2 ) (18k) --)- 16+ 0.07±0.03 C) C) C) 
734.7 6 	- 	 4 0.43±0.06 0.30±0.03 -0.05±0.05 E2 
743.6 16+ 14 0.13±0.05 0.38±0.12 -0.10±0.18 E2 
748.6 5 - 	4 0.510.07 -0.15±0.03 -0.01±0.05 El 
') Gamma energies accurate to ±0.3 keV. 
b)  Line contaminated by 232.2 keV line in 193  Hg. 
C)  Isomeric transition, T+(10 ) = 11±2 ns. 
d)  Line contaminated by 382.0 keV transition in 193  Hg. 
C)  Line contaminated. 
<) Line contaminated by 611.6 keV transition in "'Hg. 
C) Line contaminated by 710.1 keV transition in ' 95Hg. 
the level scheme. This line was also not found in y-singles spectra measured with a 
0.9 cm3 Ge(Li) detector mainly due to the fact that since this line is highly converted 
a )'-intensity for this line results which is at least a factor of 6 smaller than the detec-
tion limit of I. = 0.02. 
Sample >-y coincidence spectra for "'Hg are shown in figs. 2 and 3. In the lowest 
y-y coincidence spectrum of fig. 2 a gate has been placed on the 427.9 keV 2 -* 0 
transition. All prominent y-lines have been assigned to the level scheme of 194  Hg. 
The g.s.b. can easily be established as can be judged from the y-y  coincidence spectra 
of fig. 3. The lowest y-y  coincidence spectrum in fig. 3 has been gated by the 564.7 keV 
8 -* 6 transition of the g.s.b. The first three transitions in the g.s.b. appear very 
strongly. The transitions lying above the 10 state are reduced in intensity because 
of the 11 ns half-life of this state. These transitions are more easily discernible in the 
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Fig. 6. Level scheme of 194Hg. The thickness of the arrows indicates the total transition intensity. 
The 59.6 keV transition was not observed in the present study. The half-life of the 7 state was 
taken from ref. 8) 
top most y-y  coincidence spectrum of fig. 3 where a gate was placed on the 412.9 keY 
12 - 10 transition. The transitions are ordered within the band using the argument 
that all transitions following the gating transition have constant intensities and that 
all transitions preceding the gating transition have the intensities observed in a singles 
spectrum 13).  The 10+ 8+ isomeric transition was not observed, as already men-
tioned above. A clue as to the location of the 10 state within the level scheme can 
be obtained from the study of the 280.2 keY transition. A y-y coincidence spectrum 
gated on this transition is shown in the middle portion of fig. 3. Here it can be seen 
that the 280.2 keY transition is in coincidence with the higher-lying g.s.b. transitions 
as well as with the 232.8 keY 9 -+ 7 and 97.0 7 -* 5 transitions of the negative-
parity band. Furthermore from the time spectrum of the 280.2 keV transition shown 
in the upper portion of fig. 5 it can be concluded that this transition deexcites an 
isomeric state since its time spectrum has no prompt component. The negative anisot-
ropy of the 280.2 keY transition (cf. table 2) is in accordance with pure dipole 
character taking into account that the alignment of the initial state is reduced some-
what due to its half-life. On the basis of all this information the 280.2 keY transition 
has been assigned as the 10 9 transition. 
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The higher-lying members of the odd-spin sequence of the negative-parity band 
can be seen in the middle y-y coincidence spectrum of fig. 2 gated on the 705.9 keY 
13 - IF transition. Six transitions have been assigned to this band. The angular 
distribution of the highest-lying transition of 382.7 keV could not be determined 
since this line is superimposed by the 382.0 keV transition in 113  Hg. The spin-parity 
assignment 17 is therefore tentative. 
A third cascade of stretched E2 transitions was established. The lowest member of 
this band deexcites via the 227.7 keV transition into the 7 state. This 227.7 keY 
transition has a strong negative anisotropy (see table 2) which is reconcilable with 
Ml + (6 ± 2) % E2 multipolarity if a plausible assumption about the substate popula-
tion distribution of the initial state is made. It is assumed therefdre that this new band 
has negative parity. The spin of its lowest observed member may be either I = 6 or 
I = 8. The spin I = 8 was assigned to this state since the band would otherwise lie 
fairly high above the yrast line and a much weaker population would be expected 
in an (cc, 6n) reaction. In the present experiment no 8 --> 6 transition was 
observed. Assuming that the reduced interband to intraband branching ratio B(M I)! 
B(E2) is equal for transitions deexciting the iO and the 8 states, then the 
8 , 6 transition would fall below the detectable limit of I = 0.02 if its energy 
is smaller than 150 keY. Such a transition energy might be expected for the 8 (-) -+ 6( -)  
transition from comparison of the energy spacings of the even-spin sequence of the 
negative-parity band with those of the odd-spin sequence. 
All members of the even-spin sequence of the odd-parity band can be seen in the 
top most y-y  coincidence spectrum in fig. 2 where a gate has been placed on the 
574.4 keY 14 — 12 transition. The ordering of the 236.2, 574.4 and 611.0 keY 
transitions within this band could not be completely established from the present y-y 
coincidence measurements because of the similar intensities of these three transitions 
(cf. table 2). From this fact it follows that the 12 and 14 states collect very little 
sidefeeding which can be understood if these states are not yrast states. From this 
reasoning it was concluded that the 236.2 keV transition must precede the 574.4 and 
611.0 keY transitions. There is however, a small probability that the ordering of the 
latter two transitions within this band may be inverted. 
The level scheme of "'Hg presented in fig. 6 not only confirms but substantially 
extends all previously published level schemes 1.2.14). 
As a byproduct of the study of "'Hg, we obtained information on the level struc-
ture of "'Hg. Our data confirm the recently published level scheme for "'Hg of 
Proetel et al. 2)  In addition, two new y-transitions were found from the study of the 
' -y coincidence data and assigned to the "'Hg decay scheme. These lines are the 
468.9 keY (2) .+ and the 602.6 keV (v-) - transitions. 2 	 2 
3.2. THE NUCLEUS 193  Hg 
The information obtained in these measurements for the nucleus 113  Hg is summa-
rized in table 3. The angular distributions of all y-transitions in 193Hg are displayed 
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TABLE 3 
193Hg y-ray energies, relative transition intensities and angular distribution coefficients in the 
' 96Pt(cz, in) reaction at E = 90 MeV 
E., ) Transition It .41A A 41A 0 Multipolarity 
130.5 2 5 -*. 1- 0.37±0.08 0.28±0.02 -0.05±0.03 E2 2 
134.6 -~ 0.08±0.04 -0 . 02±0. 10 b) 014±015 b) (Ml+E2) 
2 i- 
193.2 29 0.28±0.05 0.26±0.02 -0.07±0.03 E2 
204.9 L7 -- 0.20±0.06 0.32±0.02 -0.07±0.03 E2 
232.2 C) -(-) 0.11±0.06 -0.33+0.08 0.06±0.12 (El) 
302.5 . 0.23±0.04 0.31 ±0.02 -0.04±0.03 E2 
375.2 21 . 	 19 0.20+0.05 -0.22+0.02 -0.01±0.03 (El) 
382.0 13 1.00±0.08 0.29±0.02 -0.05±0.03 E2 
4807 ? 7 0.23±0.05 0.32±0.03 -0.08±0.04 E2 
487.5 3 1 .3.. 7  0.12±0.05 0.37±0.04 -0.10±0.05 E2 
572.9 (_> 0.19±0.05 0.15+0.03d) _O.O8±O.O4d) E2 
606.3 0.09+0.04 -0.74±0.05 0.15±0.07 M1+(10+3)% E2 
29 
+ 
617.7 2 5 + 0.26±0.04 0.34±0.03 -0.07±0.04 E2 
622.4 
-?- 
0.61 ±0.05 0.29+0.02 -0.05+0.03 E2 
633.1 C) 15 0.10±0.04 0.38±0.06 -0.04±0.09 E2 
639.6 3 1 0.11±0.04 0.35+0.06 0.02±0.09 E2 
659.8 3 9 - 0.07±0.03 0.39±0.07 -0.09±0.10 E2 2 f- 
704.4 .;i + 0.06±0.03 0.36±0.07 -0.08±0.10 E2 
734.7 0.11+0.04 0.28±0.04 -0.04+0.06 E2 
738.6  .- 0.39+0.04 0.32+0.02 -0.05+0.03 E2 
745.4 1) -L 0.16+0.08 0.23±0.06) 0.01+0.08 1) (El) 
857.5 ,.i7. 0.14+0.03 -0.76±0.04 0.15±0.06 M1+(10±3)% E2 
1000.5 0.09±0.03 -0.16±0.12 0.16+0.18 (Ml+E2) 
) Gamma energies accurate to ±0.3 keV. 
b)  Contains contribution of contaminating 133.0 keV line in 192  Hg. 
C)  Line contaminated by 232.8 keV line in 194  Hg. 
d)  Contains contribution of contaminating line. 
C)  Line contaminated by 633.1 and 634.8 keV lines in 192  Hg. 
') Line contaminated by 745.4 keY line in 192  Hg. The angular distribution was determined in 
the 194Pt(cc, 5n)' 93Hg reaction at E = 65 MeV. 
in fig. 4 and the level scheme of 113  Hg is shown in fig. 7. Previous knowledge of this 
nucleus was limited to the -, - and 	states 15). 
Again three cascades consisting of stretched E2 transitions were established. Mem-
bers of the -- Cori olis-decoupled band were observed up to Four other 
transitions are feeding into this band. The two transitions of 606.3 and 857.5 keV 
feeding into the  -L- and-1  state, respectively, were observed to have large negative 
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Fig. 7. Level scheme of 193Hg. The thickness of the arrows indicates the total transition intensity 
The decay of the V + state was not observed in the present study. 
acter with (10±3) % E2 admixture. The initial states then have spin-parity values 
of 	and 	respectively. This assignment is supported by the fact that these 
states are connected by a stretched E2 transition. An -- and a assignment for 
these states would put them high above the yrast line so that a much weaker popula-
tion would be expected. The state is fed by a 375.2 keY transition which has 
angular distribution coefficients consistent only with a Al = 1 transition of pure 
dipole character. Using again the above mentioned yrast argument, a spin value of 
-- has been assigned to the state depopulated by the 375.2 keY transition. A cascade 
of four stretched E2 transitions was observed on top of this - state, all of which 
decay promptly within the experimental limit of 2 ns. The lowest transition 
of 130.5 keY is enhanced by a factor of 27 in comparison to the Weisskopf 
estimate. Similar enhancements have been observed for the 7 - 5 transitions in 
194" 96' 198 ' 200Hg [ref. 8)]. 
The fact that the 375.2 keY transition has pure dipole character (A! = 1) probably 
indicates that this transition is an El transition, resulting in a negative parity for the 
band built on the state. However, this is no unambiguous proof for the parity of 
this band. Additional support for this assignment may be derived from the fact that 
no interband transition of 741 keY between the ZA member of this band and the 
level of the Coriolis-decoupled band was observed, an upper limit for the intensity 
being 0.05. This result agrees with the Weisskopf estimate if M2 multipolarity is 
assumed for this transition. However a retardation of 5 x 104 is obtained if E2 
character is assumed for this transition. The absence of this 741 keY transition is 
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consequently much more easily reconcilable with a negative-parity assignment for 
the band built on the .- state. This band has a level structure very similar to the 5, 
7, 9,... sequence in the neighbouring even Hg isotopes. As discussed in subsect. 
4.3 it is assumed that these states form the core states of the 	 band. 
The 	state decays also via a second cascade of dipole transitions of 232.2 and 
1000.5 keY into the -j'- state (see fig. 7). Since the branching ratio for the 232.2 keV 
and 375.2 keY transition is more easily understood if both these transitions have El 
character, a positive parity is tentatively assigned to the intermediate -- state. 
A third cascade of four stretched E2 transitions which deexcites via the 745.4 keV 
pure dipole transition into the -- state has been found (see fig. 7). Using again the 
yrast argument a spin value of -v- has been assigned to the band head. The parity of 
TABLE 4 
192Hg y-ray energies, relative transition intensities and angular distribution coefficients in the 
' 94Pt(x, 6n) reaction at E = 80 MeV 
E 8 ) Transition Itot A 21A O A 41A o Multipolarity 
133.0 7 	- 	5 0.43±0.07 0.27±0.02 -0.05±0.03 E2 
173.8 7 	-+ 6 1 0.30±0.04 -0.19±0.02 0.01±0.03 El 
194.9 16 	-+ 14 0.13±0.03 0.37±0.03 -0.06±0.05 E2 
206.5 17 - 	-+ 15 0.04±0.02 0.42±0.06 -0.02±0.09 E2 
239.3 -> 	7 0.15±0.04 --0.90±0.03 0.08±0.05 Ml±(20±5)% E2 
246.9 9 - 	7 0.42±0.07 0.29±0.02 -0.03±0.03 E2 
283.2b) 10 + 9 0.20±0.04 -0.16±0.03 b) 0.00±0.05 b) (El) 
297.4 18 	- 0.09±0.03 0.28±0.04 -0.03±0.07 E2 
408.7 10(-)- 	9 0.04±0.02 C) C) C) 
416.3 d) I21 10 0.38-4-0.08 d)4 
4l6.5') l0 	- O.13±O.O4") 
d 0.38±0.02 ) d -0.06±0.03 E2 
422.8 2 	- 	0 1.00±0.08 0.24±0.02 -0.03±0.03 E2 
532.7 11 	-+ 	9 0.13±0.03 0.39±0.03 -0.13±0.05 E2 
560.7 15 	-+ 13 - 0.07±0.02 0.33 ±0.04 -0.05±0.06 E2 
629.2-) 14 - 	12 - 0.13±0.05 0.32±0.07 -0.05±0.10 E2 
633.0 1) 12(-) --)- 10 0.14±0.06 0.30±0.06 -0.05 ±0.09 E2 
634.8 4+ 	2 0.97±0.08 0.25±0.02 -0.03±0.03 E2 
643.8 8 	- 	6 0.29±0.04 0.26±0.02 -0.03±0.03 E2 
656.7 14 	- 	12 0.15±0.03 0.27±0.03 -0.09±0.05 E2 
693.0 13 - 	- 	11 0.14±0.03 0.23±0.03 -0.03±0.05 E2 
741.4 18' 16' 0.04±0.02 0.44±0.12 -0.08±0.18 E2 
745.4 6 	- 	4 0.65±0.06 0.20±0.03 -0.03±0.05 E2 
780.8 16 -> 14 0.10±0.04 8) 8) 8) 
786.3 5 - 	4 0.34±0.05 -0.19±0.02 0.00±0.03 El 
') Gamma energies accurate to ±0.3 key. 
b)  Isomeric transition; T(10) = 16±3 ns. 
C)  Line contaminated. 
d)  Lines form an unresolved doublet; the transition intensities were determined from '-y coin- 
cidence measurements. 
C)  Line contaminated by 628.7 keV transition in "'Hg. 
1)  Line contaminated by 633.1 keV line in "'Hg and 634.8 keV line in "Hg. 
8) Line contaminated. 
332 	 R. M. LIEDER et al. 
this band is most likely negative for the following two reasons: firstly, the pure dipole 
character of the 745.4 keV transition suggests that it is an El transition and secondly, ' 
one would expect to find a transition to one of the lower-lying - 	states if the parity 
of this band was positive. The 	-) state decays also via a weak 134.6 keY transition 
into the 	-) state (see fig. 7). This y-line appears only weakly in the coincidence 
spectra since it is considerably converted. However, the transitions deexciting the 
state appear clearly in the coincidence spectrum gated on the 204.9 keY 
2) -+ transition. Additional support for the placement of the 134.6 keY 
transition comes from energy sums. Again the observed branching ratio of the 
134.6 keV Ml transition and the 745.4 keY El transition appears to be reasonable, 
assuming that the latter transition is hindered by the same factor of 3 x 10 as was 
observed for the 5 -+ 4 transition in "'Hg [ref. 8)]. 
3.3. THE NUCLEUS 192 Hg 
In table 4 the y-ray energies, total transition intensities, angular distribution coeffi-
cients and multipolarities are given for the transitions assigned to the nucleus t 9211g. 
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Fig. 8. Level scheme of 192  Hg. The thickness of the arrows indicates the total transition intensity. 
The 60.1 keV line was not observed in the present study. 
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level scheme resembles very closely that of 194  Hg. Again three bands were observed. 
Certain difficulties in establishing the level scheme of ' 92Hg arose from the fact that 
the 12 —+ 10 transition and the 10 —* 8(-) transition form an unresolved doublet 
in the y-spectrum. To overcome this problem a careful study of all individual y-y 
coincidence spectra measured with good statistics was essential. As for 194Hg it was 
also difficult in 192Hg to establish the ordering of some transitions connecting the 
even-spin states of the negative-parity band, namely the 633.0 keY, 629.2 keY and 
194.9 keY transitions. The order given in fig. 8 was obtained by applying similar 
arguments as used for the corresponding transitions in 194  Hg described in subsect. 
3.1. The 10 state in the g.s.b. was found to have a half-life of 16+ 3 ns. The 60.1 keY 
10 -+ 8 transition was not observed in the present y-ray experiments since it is 
strongly converted. 
The level scheme of 192Hg as presented in fig. 8 extends and confirms previously 
published level schemes 1.14). 
3.4. THE NUCLEUS 191 Hg 
The information obtained in these measurements for the nucleus ' 91 Hg is summa- 
TABLE 5 
191 Hg y-ray energies, relative transition intensities and angular distribution coefficients in the 
' 94Pt(x, in) reaction at E = 95 MeV 
E,, ) Transition Itot A21A0 A 41A 0 Multipolarity 
166.6b) -+L 0.43±0.09l) E2 
2 
33 
+ 2 0.24±0.02b) _0.06±0.03b) 
166.9b) 29 0.33±0.09 b)1 E2 
318.9 0.25±0.06 0.31±0.03 —0.12±0.05 E2 
390.3 1jL 	-~ i. 1.00±0.08 0.30±0.02 —0.14±0.03 E2 
466.3 0.29±0.06 —0.19±0.03 — 0.07±0.05 (El) 
479.7 1_I 0.23±0.05 0.31±0.03 — 0.15±0.05 E2 
5353 15 13 0.23±0.08 —0.35±0.04 0.10±0.06 (Ml+(2±1)%E2 ) 
566.7 0.17±0.07 0.29±0.04 —0.16+0.06 E2 
618.5 - ) .1i -> - 0.13±0.06 C) C) C) 
628.7 —. 0.78±0.06 0.35±0.02 —0.14±0.03 E2 
636.7 19+ 1 5+ 0.12±0.06 0.27±0.06 —0.06±0.09 E2 
662.1 0.35±0.05 0.29±0.03 —0.13±0.05 E2 
738.6 0.10±0.05 0.37±0.07 —0.20±0.10 E2 
750.1 11- 	-  .2 1  0.45±0.08 0.32±0.03 —0.18±0.05 E2 
781.3 0.21±0.05 —0.44±0.04 0.01±0.06 (Ml+(2± 1 )%E2) 
C)  Gamma energies accurate to ±0.3 keV. 
b)  Lines form an unresolved doublet; the transition intensities were determined from y-y coin-
cidence measurements. 
C)  Line contaminated by 617.7 keV line in 193Hg. 
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The thickness of the arrows indicates the total transition intensity. 
~ state is not known since this state decays predominantly by 
electron capture into 191 Au. 
738.6 
566.7 
rized in table 5. The level scheme deduced for 191 Hg is given in fig. 9. For this nucleus 
it was possible to establish two bands comprising 15 transitions. The previous knowl-
edge of "'Hg consisted merely of a excited isomeric state 15. 16) The-- state 
decays predominantly into 191 Au; its decay to the ground state of 191 Hg has not yet 
been observed 16).  In the present study the Coriolis-decoupled band based on the + 
state was established up to the state. Again the -- and unfavoured mem-
bers of this band were observed. A second band consisting of four stretched E2 
transitions was found to deexcite via the 466.3 keY and 618.5 keY transitions into 
the and states respectively. The 466.3 keV transition has an angular distribu-
tion consistent with pure dipole character (see table 5); the angular distribution of the 
618.5 keY y-line could not be determined since it was superimposed by the 617.7 keY 
line in 193Hg. The spin-parity assignment- was given to the lowest state of the 
side band using the same arguments already described in detail in subsect. 3.2 for the 
corresponding state in the nucleus 193 Hg. 
3.5. THE NUCLEUS 190Hg 
For the nucleus 19011g y-y  coincidences, y-ray angular distributions and time 
spectra have been measured at JULIC using the (cc, 8n) reaction as well as y-ray 
angular distributions using the ( 14N, Sn) reaction at the Louvain-la-Neuve Cyclotron. 
The latter experiment was carried out since the final nucleus 190Hg is produced much 
more specifically in the 181 Ta( 14N, Sn) reaction than in the 194Pt(cc, 8n) reaction. 
In table 6 the y-ray energies, total intensities in the (cc, 8n) and (' 4N, Sn) reactions, 
angular distribution coefficients from the ( 14N, 5n) experiment and multipolarities 
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TABLE 6 
190Hg y-ray energies, relative transition intensities and angular distribution coefficients 





131.8d) 10 1  8 0.31±0.06 0.44±0.06 0.19±0.04 d) —0.10±0.06 d) E2 
196.6 7 — 5 0.12±0.03 0.23±0.06 0.28±0.06 —0.13±0.09 E2 
239.9 8(-) 7 0.12±0.03 0.22±0.06 —0.19±0.06 —0.09±0.09 (Ml) 
256.9 9 - 7 0.24±0.07 0.25±0.05 0.24±0.05 —0.13±0.07 E2 
305.1 7 -o 6 0.23±0.03 0.24±0.05 —0.32±0.05 0.04±0.08 (El) 
416.2 2 — O 1.00±0.08 1.00±0.10 0.31±0.02 —0.11±0.04 E2 
419.6 12 - 	 10 1 0.19±0.06 0.37±0.06 0.15±0.06 — 0.19±0.09 E2 
529.6 11 — 9 0.10±0.05 0.16±0.04 0.19±0.10 —0.22±0.15 E2 
625.4 4+ 2+ 0.91±0.08 1.10±0.10 0.26±0.03 — 0.16±0.05 E2 
691.8 8+ 6 0.43±0.06 0.79±0.09 0.28±0.07 0.02±0.10 E2 
731.0 6 — 4+ 0.70±0.06 1.03±0.10 0.23±0.03 —0.09±0.05 E2 
839.1 5 —+ 4 0.20±0.06 0.16±0.04 — 0.26±0.11 0.06±0.17 (El) 
0)  Gamma energies accurate to ±0.3 key. 
b)  Measured using the ' 94Pt(cc, 8n) reaction at E = 108 MeV. 
C)  Measured using the 181 Ta( 14N, 5n) reaction at E4N = 93 MeV. 
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Fig. 10. Level scheme of 190Hg. The thickness of the arrows indicates the total transition intensity. 
are given for all transitions assigned to the nucleus 19011g. The level scheme of ' 90Hg 
is shown in fig. 10. Two bands have been observed, namely the g.s.b. up to 12 and 
the negative-parity band up to iF. 
In contrast to results obtained for 192" 94Hg it was possible to see in 190Hg the 
10 —* 8 g.s.b. transition in the y-ray spectra since this transition has an energy of 
131.8 keV and it is consequently not so strongly converted. The timing experiments 
show that the 131.8 keY line is an isomeric transition since its time spectrum has no 
prompt component. A half-life of 24±3 ns was deduced for the 10 state. 
The side band of ' 90Hg consisting of three stretched E2 transitions depopulates 
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via the 839.1 keV and 305.1 keY transitions into the 4 and 6 states of the g.s.b. 
respectively. These two lines have angular distributions consistent with pure dipole 
4! = 1 transitions. A spin sequence 5, 7, 9, 11 has been assigned to the states forming 
the side band. Assuming El character for these pure dipole transitions, a negative 
parity for this side band follows. These spin-parity assignments are strongly supported 
from consideration of the striking similarity of the level structure of the side band 
in 190Hg with that of the 5, 7, 9, . .. bands in '9','9','9 6.198 Hg [refs. 1, 2)] . 
Although the parity of the side band in 190Hg could not be determined unambig-
ously these arguments favour a negative-parity assignment to this band. 
The level scheme of "'Hg as shown in fig. 10 extends previously published re-
sults 1. 5). The present results, for the negative-parity band do not confirm the level 
assignments given by Inamura et al. 5)  for this band; it should be noted, however, 
that their level scheme for 190Hg was deduced without the aid of coincidence mea-
surements. 
4. Discussion 
Several completely new features have been observed in the present study of 
19091 ' 92 ' 19394Hg, namely (i) a high-spin sequence extending up to 18 in 
192,194 Hg based on the 10 isomeric state, which has level spacings similar to those 
of the low-lying g.s.b. states, (ii) an even-spin sequence in the negative-parity band in 
192,194 Hg and (iii) bands in 191 '' 93Hg which are considered to correspond, within 
the context of the Coriolis-decoupling scheme, to these new bands found in 192 ' 194Hg. 
These results are discussed in the following subsections. 
4.1. THE GROUND STATE BANDS IN 190.192,194  Hg 
In the particle-vibrator model of Alaga and Paar 4),  the states forming the lower 
part of the g.s.b. can be understood as shell model cluster states (intruder states) and 
as phonon states based on these intruder states. In this picture the 0 ground state 
has the two-proton-hole configuration (msi 2 ), the 2 state is the first intruder state 
(its mdj 1 ) and the 4 and 6 states have a configuration with one and two phonons 
coupled to this intruder state, respectively. The 8 ' state is the second intruder state 
with the configuration (7rh 2 ) but the 2 configuration coupled to three phonons may 
also contribute. The 10 state has mainly the configuration (7rh 2 ) and possibly a 
contribution of the configuration (vi 91 )1 0(irs 
2). 
In the present investigation the 10 states in 110,192.  ' 9 'Hg were found to be 
isomeric states, as in "'Hg [ref. 2)]  with excitation energies only slightly larger than 
those of the 8 + states. This latter feature is reproduced in the particle-vibrator model 4) 
in which the (7rh 2 )8 and (xh 2 ) 10  states have very similar excitation energies. It is 
assumed also by other authors 2.5)  that the 8 and 10 states have predominantly a 
(7rh 2 ) two-proton-hole configuration. Furthermore, it can be concluded from the 
model of Kharitonov et al. 17)  that the 8 and lO levels are close neighbours if a 
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(7rh 2 ) configuration is considered. This model deals with the properties of states 
(f")1 in nuclei having few particles n of high spinj outside filled shells. From this model 
a level sequence with A! = 2 results in which the levels of spin 'max  and 'max  —2 are 
expected to lie close together leading therefore to a relatively large half-life for the 
maximum-spin state. 
It is interesting to compare the level structure of the even Hg nuclei with that of the 
neighbouring even Pb nuclei 18.19). Pautrat et al. 18) concluded from their experi-
mental results for ' 94 ' 96' 198 ' 200Pb that the 10 and 12 states are closely spaced 
and that the latter are isomeric. A similar level structure has been well established in 
206Pb [ref. 19)]  where the 10 and 12 states can only have a (Vi 2) two-neutron-hole 
configuration. The fact that the isomeric states in the Pb isotopes have spin 12 
whereas they have spin 10 in the Hg isotopes suggests in connection with the 
corresponding small level spacings that the (V2)jm and (vi 2 )1,,, 2 configurations 
are important for the levels of spin 12 and 10 in the Pb isotopes whereas the 
(Jth 2 )jm and  (ith;2 )jm,_2 configurations dominate for the lO and 8 states in 16L
the Hg isotopes, respectively. 
In the present investigation g.s.b. states beyond the 10 isomeric state have been 
found in the even mercury isotopes 190' 192 ' 194Hg. The higher-spin states have been 
identified up to 18 in 192194Hg and up to 12 in ' 90Hg (see figs. 6, 8, 10). It is 
interesting to note that the energy spacings of the 10, 12 k , 14 and 16 level se-
quence in 192,194 Hg (figs. 8, 10) are remarkably similar to those of the 0, 2, 4 
and 6 level sequence in the g.s.b. In the case of 194Hg the transition energies of the 
12 --1, 10 k , 14 —+ 12 and 16 —* 14 transitions agree within 15 keV with those 
of the first three respective g.s.b. transitions. Even the energy of the 18 —* 16' and 
8 —+ 6 transitions are not much different from each other. This result suggests that 
the structure of the high-spin state sequence has some similarity with that of the low-
lying g.s.b. states. 
In spite of the fact that the above correspondence of states has not yet been ex-
plained theoretically, it is interesting to note that according to the particle-vibrator 
model 4)  another correspondence exists, namely that the 12 k , 14 k , and 16 states 
have configurations which are made up from those of the 0, 2, and 4+  states, 
respectively, coupled in each case 20)  to the (Vi 0 12 two-quasineutron configuration. 
4.2. THE NEGATIVE-PARITY BANDS IN 190 . 192 . 194  Hg 
An 8, iO, 12,. .. 18' sequence of states has been found in 192 ' 194Hg in 
addition to the previously known 5, 7, 9 - , . .. bands in 190" 92' 94' 196 ' 198Hg 
[refs. 1,7,6)  1 .  These even-spin and odd-spin sequences in 1 12  , 194 Hg  form separate 
bands of stretched E2 transitions. The even-spin states up to 14 are shifted upwards 
in energy relative to the odd-spin sequence up to 15, so that they are not yrast states 
and collect little side feeding. This staggering in the level spacings may explain why 
transitions from the odd-spin states into the even-spin states were not observed 
within experimentally detectable limits (I :!~ 0.02). The branching ratio I(I —. !— 1)! 
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4(1 -+ 1-2) for the y-decay of the even-spin states decreases rapidly with increasing 
spin, ranging for ' 94Hg from a value 8.0 for! = 8 via 0.25±0.07 for I = 10 to a 
value 0.14 for I = 12. 
The 5, 7, 9, . . . bands have already been interpreted as two-quasiparticle 
decoupled bands 1.2.6).  The intrinsic structure probably consists of a completely 
decoupled i neutron and a low-f neutron of opposite parity in the adjacent p, p 
or fj orbitals 6)  Detailed calculations along this line have been performed by 
Neergfird et al. 9).  These authors 9)  obtained some of the characteristic features of 
the negative-parity bands using a model of two non-interacting quasineutrons coupled 
to a rotating core, namely that the low-spin members 5 and 7 of this band are close 
to each other, that the higher-spin states have level distances similar to that of the 
g.s.b., and that the transitions within the band are enhanced. To obtain the correct 
ordering and a satisfying estimate of the excitation energies for the 5 and 7 states, 
Neergflrd et al. 9)  introduced a residual interaction between the two quasiparticles. 
From these calculations they also predicted a staggering of the odd-spin and even-spin 
states in the negative-parity band. A comparison of our experimental excitation ener-
gies for the iO>, 14 states in ' 92 " 94Hg with their predictions [listed 
in table 3 of ref. 9)]  gives an agreement to better than 8 %. They also predicted the 6 
state to lie above the 7 state, close to the 8 state, which may explain why this state 
was not populated in the present experiments. From similar calculations Flaumet 
al. 10)  have also predicted an odd-even staggering effect for the negative-parity 
band 21)  in 192  Hg. In the particle-vibrator coupling scheme of Alaga and Paar 4) 
the negative-parity states may be produced by coupling of an i 4, quasineutron and a 
low-f quasineutron of opposite parity to the g.s.b. configurations. In this model a 
contribution of configurations containing an h 4 proton-hole state is also considered. 
4.3. THE DECOUPLED BANDS IN ' 91 " 93Hg 
The bands built on the-- states in 191 ' 193 ' 195197" 9911g, as noted already 1.2) 
are interpreted as Coriolis-decoupled bands where an i q, neutron is decoupled from 
the oblate core. In fig. lithe systematic behaviour of the positive-parity states in 
1901 
95Hg is depicted. The '- and states observed in 191 " 93Hg as well as the 
19+ state in 195Hg.[ref. ' )]included in this figure are interpretated as the unfavoured 
members of the decoupled bands. It is interesting to see that the level structure of the 
bands in the odd-mass Hg nuclei is remarkably similar to that of the g.s.b. in 
the even-mass Hg nuclei. It is worthwhile to note that the -* -- transitions in 
191" 9395Hg have significantly reduced energies similar to the depression of the 
corresponding 10 +- 8 transition energies in 111,192. ' 9 Hg. Beyond the 
transition energy increases again as can be seen rather clearly for 193Hg where states 
up to have been identified. The states were observed to decay promptly 
suggesting that their half-lives are smaller than the experimental limit of 2.0 ns. From 
this result it follows that the B(E2) values of the _+ -- transitions in 191" 93Hg 
are larger than those of the 10 - 8 transitions in the neighbouring even-mass Hg 
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Fig. 11. Systematic comparison of the level structure of the positive-parity states in 190.191.192. 
' 93, ' 94,19 -'Hg. The level sequence for 195 Hg is taken from ref. 2)  but has been supplemented by 
results of the present work. Corresponding states are connected by dashed lines. The level schemes 
of 191,193.195Hg  are shifted in energy so that the -- states match with the ground states of 
190.192. 19411g. 
nuclei. The values of B(E2, -- —+--) are >1250e' 	for "'Hg and> 730e2 fm4 
for 193Hg and should be compared with the B(E2, 10 -+ 8) values of 214 e2 fm4 
for 19011g, 354 e 2 fm4 for 192  Hg and 491 e2 fm4 for ' 94Hg. It may be plausible to 
account for the difference between these values for the odd-mass and even-mass Hg 
isotopes in terms of a change in the nuclear structure due to the presence of the extra 
i f eutron. - 
In fig. 12 the systematic behaviour of the negative-parity states of 190-194  Hg 
is shown. It can be seen that the level structure is again very similar in the even-
mass and odd-mass Hg nuclei. The similarity of the 5, 7, 9,... sequences in 
19O.192.194.196.I98HgandtheL(_),2(_),2.(_),. . sequences in 191 . 193195 ' 197Hg 
has already been pointed out 1.2)  and explained in terms of the Cori olis-decoupling 
model. The two-quasiparticle states in the even-mass Hg isotopes form the core states 
of the three-quasiparticle states in the odd-mass Hg nuclei. The fact that the lowest 
members of the three-quasiparticle bands in the odd-mass Hg isotopes have spin -v--
supports the interpretation that the configuration of the 5 states in 190" 9214Hg 
contains a completely decoupled i neutron, since in the odd-mass Hg isotopes 
the extra i q particle can now only be aligned to -- along the rotation axis resulting 
in spin - for the band heads of the three-quasiparticle bands. 
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Fig. 12. Systematic comparison of the level structure of the negative-parity states in 190.191.192. 
193, 
194Hg. Corresponding states are connected by dashed lines. The level schemes of 191.193  Hg 
are shifted in energy so that the + states match with the ground states of 190. 192. 194 Hg_ 
Another new result is that in 193 Hg a 	 . band exists which can 
possibly be interpreted in the above mentioned Coriolis-decoupling scheme as cor-
responding to the (6), 8, iO, . . . sequence in 192,194  Hg. This inter-
pretation is suggested from the similar level structure of these respective bands in 
192,193,194 Hg shown in fig. 12. In 193  Hg the lowest member of this band has spin 
-- and corresponds to a 6 state which as yet has not been found in 192,194  Hg. 
The observation that this 	state is situated above the 	state can be un- 
derstood since Neergârd et al. 9)  predict that in 192.194  Hg the corresponding 6 
states lie higher in excitation energy than the 7 states. 
From comparision of the level schemes of the odd-mass and even-mass Hg isotopes 
it can be concluded (cf. figs. 11, 12) that their respective level structures are remarkably 
similar. The level schemes of the even-mass and odd-mass Hg isotopes resemble each 
other even in detail. The present results on 190-194  Hg support strongly the appli-
cability of the Coriolis-decoupling scheme to these nuclei, in which the decoupled 
particle is an i f neutron. 
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Abstract. Ground-state rotational bands (GsB) up to spin 18 in "Er and spin 16 in 
166 Er have been identified from studies of the y rays emitted following the reactions 
164Dy(a, 4n)' 64Er. 154Sm(' 4C, 4n)' 14 Er and 164 Dy(a, 2n)' 66 Er. Whilst the nuclear moment 
of inertia associated with the GSB in 4 Er shows an abrupt increase beyond spin 12' , 
that of the GSB in 166  Er exhibits a smooth monotonic increase. These results appear to 
be related to recently determined E2 transition rates in these nuclei. 
NUCLEAR REACTIONS 164 D (a, 2n), E = 275 MeV, 164 D (a, 4n), E = 45MeV, 
154Sm 4' 4 C, 4n), E = 62 MeV; measured E, I(0), y coin; 1646Er; deduced 
levels, J, lr. 
1. Introduction 
In recent years the in-beam study of y rays emitted. in (ce, xn) and (HI, xn) reactions 
has permitted the construction of level schemes in heavy nuclei to very high spin 
values. In the deformed even—even rare-earth nuclei, states of spin as high as 22 
have been observed in the ground-state rotational band (cisn). While some of these 
nuclei still exhibit GSB energy spacings in reasonable accordance with what one might 
expect from the 1(1 + 1) law, there also exist nuclei whose energy spacings in the 
GSB shrink somewhere in the vicinity of the spin values 12 to 16. This effect, 
identified more clearly when the nuclear moment of inertia is plotted as a function 
of the square of the angular frequency (0 = 0((0 2 )), is generally termed the 'backbend-
ing' effect (Johnson and Szymanski 1973, Sorensen 1973, Lieder 1974). 
The backbending effect tends to be principally concentrated in two distinct zones 
of the rare-earth region, namely to those nuclei with N = 88 to 96 and to some 
nuclei with greater mass where N = 106 to 110 approximately. In particular there 
seems to be a distinct change at N = 98, since the nuclei with this neutron number 
which have been measured to sufficiently high spin values exhibit a more normal 
sequence of rotational levels. In order to document this trend more fully, we have 
observed the GSB of 161,166  Er to high spin values to determine whether or not back-
bending occurs. Preliminary results for 164Er have been reported previously by Lisle 
et a! (1973). 
§ Present address: Institut Laue-Langevin, BP 56, 38042 Grenoble Cedex, France. 
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An additional stimulus to determine the higher spin members of the GSB in 
164, IooEr  derives from recent systematic measurements of the lifetimes of 8,  10 
and 12 members in the GSB of the even—even rare-earth nuclei 160164Dy, 166170 Er 
and 17074Yb (Kearns eta! 1974). It was noted that the reduced transition probabili-
ties for the E2 transitions de-exciting the 12 states fell into two classes. In the 
first class, namely for nuclei with N = 94 or 96, the 12 -p transitions have 
reduced transition rates which are between 63% and 90% of the rotational values. 
For the second class associated with nuclei for which N > 98 the reduced transition 
rates are. with one exception, close to the rotational predictions. It was concluded 
from these results that a possible direct correlation may exist between retarded 
(12 k -+ 10) transition probabilities and the occurrence of backbending. In order 
to put this interpretation on a firmer footing. it seemed worthwhile to establish the 
backbending behaviour of some of the nuclei studied in these lifetime experiments 
(Kearns et a! 1974). The nuclei 114,166  Er, for which N = 96 and 98 respectively, 
appeared to be most suitable for such an investigation. Prior to these experiments 
the highest members of the GSH identified in "'Er and ''Er were 14 and 10 
respectively. 
Experimental method 
For 164Er the preliminary coincidence data taken at Manchester, using the (' 4C. 4ny) 
reaction at a bombarding energy of 62 MeY, were supplemented by similar experiments 
performed by Jülich, using the (a, 4ny) reaction at E 45 MeV, the latter having 
appreciably better statistics. Coincidence data for 166  Er were taken at Jülich only 
using the (a, 2n) reaction with E = 275 MeV. The targets used were self-supporting 
metallic foils of Dy (thickness 5 mg cm - 2) enriched to 984% in the isotope 164Dy. 
y rays following these reactions were studied with Ge(Li) spectrometers (having 
active volumes between 62 and 106 cm') applying in-beam y spectroscopic methods. 
The data consisted of y 1 —y 24 12 ) coincidences, y ray angular distributions and y ray 
excitation functions. The experiments performed to collect this data used the external 
a beam from the JUlich isochronous cyclotron and a and ' 4C beams from the Man-
chester HILAC. 
In the Jülich coincidence measurements two Ge(Li) spectrometers were placed 
at ± 125° to the beam direction each 4 cm from the target spot and were shielded 
with lead to minimize the cross scattering of y  radiation. Both y ray energies and 
their corresponding time delay t12 were written event-by-event on magnetic tapes 
which were subsequently analysed off-line. Total coincidence and singles counting 
rates of 700 and 10000s 1 respectively were typically encountered. 
The measurement of the ""Er y ray angular distributions carried out at JUlich 
were made using a 62 cm' Ge(Li) detector whose resolution was 195 keV at 1332 keV. 
It was rotated about the target position from 90° to 165° in 15° intervals. A second 
Ge(Li) detector mounted at a fixed position served as a monitor. The techniques 
used in these angular distribution measurements are described elsewhere in detail 
(Jager et a! 1975). y ray angular distribution measurements for both "'Er and 166  Er 
were carried out in Manchester using a similar arrangement. 
Results 
Two background-correctedy—y coincidence spectra for the final nucleus 164Er are 
shown in figure 1. The magnitude of the background varied but could be as much 
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Figure 1. Two background-corrected y—y coincidence spectra resulting from the study 
of the ' 64 Dy(a, 4n)' 64Er reaction. In the upper portion a gate has been placed on the 
(12 —o 10) GSB transition. In the lower portion, a gate has been set on the (18 —. I6) 
GSB transition. 
as 50% of the unsubtracted intensity for some peaks. The upper spectrum is gated 
on the (12 k 10 k ) GSB transition. The transitions following the gating transition 
are expected to have constant intensity, since the side-feeding to the lower states 
is not in coincidence with the gating transition. This can be seen in the upper spec-
trum for which the coincidence efficiency was approximately constant as a function 
of gamma ray energy. As anticipated, the transitions above the (12 k 	10) transition 
display the natural decrease of intensity. The (18* 	16 k ) line appears only weakly 
in the upper spectrum. A spectrum taken in coincidence with this transition is shown 
Table I. ;- ray energies, relative transition intensities and angular distribution coefficients 
for transitions in "'Er following the 164 Dy((x,4n) reaction at E, = 45Mev and the 
' 54Sm(' 4C,4n) reaction at a bombarding energy of 62 MeV. 
164 Dy(ce, 4n)' 64Er 154Sm(' 4C, 4n) 164 Er 
Transition E(keVr 'Tot /1 21A o .4 41A 0 'Tot A 21A 0 ,4 41A 0 
2+_ + 0+ 914 b c c b c 
—p 2 2079 100 ± 7 028 ± 0-02 —004 +0-03 100 ± 6 028 +0-02 —019 ± 003 
6-4 3148 82 ± 6 032 ± 002 —0-05 ± 0-03 87 ± 11 035 ± 002 —0-11 ± 002 
8 	—.6 k  4101 57 +4 0-36 +0-02 —006 +0-03 59 ± 5 029 +0-02 —0-10 +0-03 
l0 	—.8 k  4933 38 ± 3 0-35 +0-02 —0-08 ± 0-03 47 +4 0-39 ± 0-04 —0-06 ± 0-05 
l2—o l0 564-5 20 ± 2 0-37 ± 0-03 —0-1I ± 0-05 18 ± 2 0-29 ± 0-02 —0-18 ± 0-05 
l4 	—o l2 619-5 8 ± 1 0-38 +0-05 —0-10 +0-08 14 ± 2 0-32 +0-07 —0-08 +0-09 
16 	- I4 560-5 3 ± 1 0-42 +0-08 ' 6± I 0-34 ± 0-15 —0-13 +0-18 
l8 	—+I6 505-5 2 ± 1 0-36 +0-12 d 3 + I 0-33 + 0-1I —0-17 +0-14 
0  Accuracy of all y energies better than ±04  keV. 
it  Intensity not measured due to strong y ray absorption. 
° Angular distribution strongly attenuated by internal magnetic fields 
d  Fit restricted to A 21A O because of weak nature of peak. 
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Figure 2. Background-corrected y—y coincidence spectrum resulting from the study of 
the 164 Dy(a, 2n) 166 Er reaction. The gate has been set on the (14f —. 12f) GSB transition. 
in the lower portion of figure 1 in which all members of the GSB have, within statistical 
accuracy, a constant intensity as expected. The ordering of the transitions within 
the GSB was established by successively setting gates on all individual GSB transitions. 
The angular distribution of each transition exhibits a strong positive anisotropy pro-
viding support for interpreting them as stretched E2 transitions. The y ray energies 
of the GSB transitions in "'Er, their relative transition intensities and their angular 
distribution coefficients are summarized in table 1. 
Similar data were taken for "'Er although here the smaller amount of angular 
momentum brought in by the 275 MeV a particles permitted the GSB to be identified 
up to the 16 state only. A sample coincidence spectrum is shown in figure 2 where 
a gate has been placed on the (14 k 12) transition. All transitions of lower energy 
appearing in this spectrum have, within statistical uncertainty, an intensity equal 
to that of the gating transition, while the sole. remaining peak at 5792 keV has .a 
lower intensity and has been identified as the 16 —* 14 GSB transition. The angular 
distribution measurements yielded strong positive anisotropies for the GSB transitions 
up to the (14 k 12 k ) transition,. and have therefore been interpreted as being 
stretched E2 in nature. The angular distribution of the (16 k 14k ) transition could 
not be determined because of its weakness in the singles spectra. The y ray energies 
of the GSB transitions in "'Er, their relative transition intensities and their angular 
distribution coefficients are summarized in table 2. 
Table 2. y ray energies, relative transition intensities and angular distribution coefficients 
in the 64 Dy(a, 2n) reaction at E, = 275 MeV. 
Transition E (keV) 'Toi A21A0 
2--.0 806 C 
4 —2 1844 1000 ± 70 029 ± 003 —003 ± 003 
6 	—.4 k 2805 632 ± 4-4 029 ± 003 —0-07 ± 004 
8 —6 + 3657 311 ± 22 033 ± 003 —009 ± 005 
10 	—. 8 4384 156 ± II 038 ± 003 —013 ± 005 
l2 	—.l0 4970 51 +-0-.6 042 +0-04 —0-02+ 006 
l4 	—.l2 5428 13 ± 04 027 ± 006 —0-04+ 008 
16 - -14 5792 03 ± 0-1 b b 
Accuracy of all y energies better than ±03 keV. 
b  ..4 21A 4 coefficients not determined because of insufficient statistics 
C  Not measured due to strong y ray absorption. 
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Figure 3. Backbending plots for the GSB in I 641 6 'Er. 
4. Discussion 
The aim of this study was to determine the backbending behaviour for the nuclei 
164,166 Er. Standard backbending plots (Johnson and Szymanski 1973, Lieder 1974) 
for the GSB in '"Er and 116  Er are shown in figure 3. In 164  Er the GSB bends sharply 
back above 14 while in contrast the GSB in 166  Er shows a monotonic increase. 
Thus 16  'Er has a GSB with steadily increasing energy spacings similar to those in 
the other N = 98 isotones 168Yb, 170 Hf and 172W. 
A comparison of these.backbending results with the results of the lifetime measure-
ments of Kearns et al (1974) shows that for the nucleus '"Er. which backbends, 
the (12 -+ 10 k ) transition rate is reduced to 68 ± 7% of the rotational value. For 
16 'Er however, which does not backbend, the (12 + -+ 10 k ) transition rate corresponds 
to the rotational value. These results give support to the conjecture of Kearns et 
al (1974) that, in nuclei which strongly backbend, the (12 k 10k ) transitions are 
hindered. 
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The ground state bands of the N=78 isotones 1 12 G and 140 Sm were observed up to the 
8 state by bombarding 144Sm and ' 42 Nd with tx-particles of energies between 80 and 
130 MeV. Excitation functions, y-y coincidences, lifetimes and angular distributions were 
measured. The ground state band in 140 Sm is partially fed by an isomeric state of 	17ns.1 2 
No such isomerism is observed for 142 Gd. The level energies are very similar in both cases 
and agree well with the predictions of the VMI model. 
1. Introduction 
The present study of the N= 78 isotones 1 12 G and 
' 40 Sm was undertaken in order to obtain information 
on excited states of nuclei in the region of Z> 60 and 
N <80 for which our present knowledge is very 
limited. In particular, for ' 42Gd, only a tentative 
identification of a 526 keV y-ray had been previously 
made by the Karlsruhe group [1, 2] on the basis of the 
systematics of 2 1 state energies (see Fig. 1). In the 
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Fig. 1. Systematics of 2 1 states in the 52< Z <64, 74 <N <82 region. 
The solid dot indicates the extrapolated value for 112 Gd 
case of ' 40Sm more information has been reported by 
Habs et al. [1] who studied the reaction 142Nd(c, 6n) 
and identified y-rays of energies 531.0, 715.1 and 
886.4 keY as the 4-+2 and 6' --)-4 transi-
tions in 140 Sm. 
In the present work the nuclei 1 12 G and 140Sm have 
been excited through the (cc, 6n) and (, Lx 4n) reactions 
bombarding 141 S and ' 42Nd with os-particles of 
energies ranging between 80 and 130 MeV. As a result 
the ground state bands of these nuclei have been 
identified up to the 8 1  state. The previous results [1] 
for 140  S have been confirmed up to the 4 state. 
2. Experimental Procedures 
For an estimate of the bombarding energy at which 
the 144Sm(, 6n)' 42Gd reaction should reach its 
maximum cross section a plot such as that shown in 
Figure 2 was used. The x-axis represents the experi-
mental tx-energies E7max) at which the cross sections 
for different (, xn) reactions have been observed to 
become largest for targets of atomic masses similar to 
that of 144Sm. The vertical scale gives values of the 
quantity A - 1.7 . N, used here as a measure of the 
neutron deficiency of the target nuclei. The plot, com-
prising data reported by several groups [3] shows how 
E(amax) increases with neutron deficiency for a given 
reaction and that this effect becomes more noticeable 
as the number of neutrons evaporated in the reaction 
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Fig. 2. Graph of the a-energies at which the cross sections for (a, x n) 
reactions reach their maxima, for target nuclei with different values 
of neutron deficiency (as measured by the quantity A —1.7 N). An 
extrapolation shows (large dotted circle) that the ' 44 Sm(a, 6n) 
reaction should be expected to become most intense at 105 MeV. 
The experimental points are taken from different authors (see Ref. 3) 
about 105 MeV as a suitable energy to observe the 
' 44Sm(x, 6n) reaction. 
Therefore, a target of 144 Sm enriched to 96.3% was 
bombarded with cc-particle beams from the Julich 
Isochronous Cyclotron of energies up to 130 MeV. 
Different runs were carried out with the purpose of 
determining: a) excitation functions, b) y -y coinci-
dences, c) y-ray angular distributions and d) y-ray 
time distributions with respect to the beam bursts. 
The main features of the electronics and methods of 
analysis used in the present experiments have already 
been described elsewhere [4]. Several Ge(Li) detectors 
M.A.J. Mariscotti et al.: Ground State Bands in ' 42Gd and ' 405m 
of different efficiency, energy resolution and timing 
performance were used in the course of these experi-
ments. The singles y-ray spectra were analyzed with 
the help of a PDP 15 computer and a program to fit 
the data after background subtraction [4]. To obtain 
the excitation functions the peak areas were normalized 
to that of the 1,660 keV y-ray originating from the 
(, ce') inelastic scattering reaction and corresponding 
to the 2—*0 transition in "'Sm. 
The y-y coincidence data were recorded on magnetic 
tapes in a three-parameter-2048 channel mode for 
about 30 h at a rate of iO coincidences/s. The third 
parameter was the time delay between the coincidence 
events so that in the subsequent off-line sorting a cor-
rection for the energy dependence of the time resolu-
tion of the Ge(Li) detectors could be carried out. 
In the determination of y-ray angular distributions a 
Ge(Li) detector was placed at different angles with 
respect to the beam axis from 90 0 to 165 0 in steps of 15 0 . 
The detector was about 30 cm from the target and the 
beam was focused to a diameter of approximately 
1 mm. Pulses from a second fixed detector were used 
to trigger a pulser whose signals were fed into the 
preamplifier of the moving detector thus providing a 
reference peak for normalization. 
A search for lifetimes in the ns range was carried out 
with a small planar detector. Pulses from this detector 
were used as the start signals for a time to amplitude 
converter. The stop signals were provided by a photo-
multiplier collecting the light from a thin plastic 
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Fig. 3. Singles y-ray spectrum at E = 109 MeV obtained with a 62cm 3  Ge(Li) detector. The y-rays assigned to ' 42 Gd and ' 40 Sm are labeled. 
The two large peaks with 556.7 and 767.8 keV are y-rays from the 144Sm(a, a2n)'42 Sm reaction 
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Fig. 4. Coincidence spectra of transitions in the ground state bands of 142 Gd and 140 Sm 
This system yielded an overall time resolution of about exciting levels in 142 G and ' 40 Sm are quite small. 
5 ns FWHM. At 104 MeV bombarding energy the The main tool for the assignment of transitions to 
cyclotron beam bursts were separated by 43.7 ns. The these nuclei was provided by the y-y coincidence data. 
angular distributions and lifetimes for 140Sm have The most relevant coincident spectra are shown in 
been studied with the 142 Nd(c, 6n) reaction as well. Figure 4. In spite of the considerable amount of data 
In this experiment 2 out of 3 cyclotron pulses were accumulated, the statistical fluctuations are large. This 
supressed so that a separation of the beam bursts of is mostly due to the fact that the peak to background 
141 ns was achieved, ratio is small (cf. Fig. 3) so that the uncertainties in the 
process of subtracting background become large. For 
3 Results this reason only those lines appearing more than 
twice in the matrix of coincidence relationships have 
The singles y-ray spectrum obtained with a 62 cm' been taken into account. Such matrices were built 
Ge(Li) detector during the bombardment of 144Sm starting from lines in the -.510 to '-540 keV interval 
with 109 MeV os-particles is shown in Figure 3. At this where the 2-0 	transition energy in 142Gd is ex- 
bombarding energy the number of possible exit chan- pected to lie (see Fig. 1). Clear evidence for the exis- 
nels is already rather large. Therefore, the y-spectrum tence of two y-ray cascades was obtained in this way. 
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Table 1. Transitions in 142 G from the 144 Sm(cz,xn) reaction with 
E,=11OMeV 
Transition 	Energy 	 I 	 A 2 
2 	-.0k 526.0±0.2 1.00±0.10 0.36±0.08 
4 	-.2 722.3±0.2 0.89±0.12 0.35±0.08 
6+ -4+ 832.3±0.3 0.56±0.16 0.34±0.08 
(8)-6 846.5+0.4 0.40±0.20a 
- b 
a  Intensity determined from y-y coincidence experiments 
b  The 846.5 keV-line is a member of a triplett and cannot be analyzed 
in the y-singles spectrum 
with those observed by Habs et al. [1] in the 
142Nd(cc, 6n) reaction and is therefore assigned to 
140 Sm. The other cascade involves y-rays of energies 
526.0, 722.3, 832.3 and 846.5 keY. This cascade, as 
discussed below, has been identified with the ground 
state band in 142Gd. In Figure 4, the peaks assigned 
to 140 Sm and 142 G are indicated. 
142 Gd. Multipolarity assignments of the y-rays be-
longing to this nucleus stem from the angular distri-
butions. The results for the observed transitions in 
142 G are summarized in Table 1. The A 2 coefficients 
obtained are characteristic of streched E2 transitions. 
The non-existence of any other stronger line in the 
coincidence spectra indicates that this cascade cor-
responds to a ground state band; its Al = 2 character 
suggests that it belongs to an even-mass nucleus. The 
order of this cascade is fixed by the y-ray intensities 
(the intensity of the uppermost member, the 846.5 keV 
transition, was determined from the coincidence 
spectra since this y-ray appears in singles as part of a 
triplet). Therefore the 526.0 keV y-ray is the lowest 
member of the cascade and should correspond to the 
2+--+0+ transition. In view of the systematics and the 
results of the previous work [1, 2] it seems reasonable 
to assign this cascade to 142 Gd. 
Further strong evidence for this assignment is derived 
from the comparison of the measured excitation func-
tions for the 526.0, 722.3 and 832.3 keV lines and those 
calculated for the 144Sm(cc, 6n) reaction. The calcu-
lation was carried out in the manner described in 
Reference 5 and the results are shown in Figure 5. 
The agreement is satisfactory. It should however be 
noted that similar curves are obtained from a calcu-
lation of the (cc, cc 2n) and (cc, 5 np) reactions on 144Sm. 
The former possibility, which leads to 142 Sm, can be 
ruled out since the first excited states of this nucleus 
are well known [2, 6] and the corresponding y-rays 
have been identified in the spectrum shown in Figure 3 
(i.e., strong peaks at 556.7 and 767.8 keV). The other 
reaction leads to 142 Eu. The possibility that a stretched 
E2 cascade can be observed to excite levels in this odd-
odd nucleus in an on-line experiment should not be 
I" 
Sm(an) '42 Gd 
- CALCULATION 
90 	100 	110 	120 	130 
ct-ENERGY 1MeV) 
Fig. 5. Excitation functions of the three strongest y-rays in ' 42 Gd 
compared with the calculated cross section for the 144Sm(a, 6n) 
reaction 
ruled out completely. However the first excited state 
of 142 E is known from radioactive decay studies [2] 
to lie at 179 keV but this transition does not appear in 
the coincidence spectra gated on the y-rays of the 
cascade under discussion. In the light of all available 
information it is considered most unlikely that the 
present cascade of y-rays belongs to 1 42 E rather than 
the 142 Gd. From the measurement of the time distri-
bution of the y-rays it could be established that no 
isomeric state with a lifetime larger than about 5 ns 
is populated with significant intensity in this reaction. 
"'Sm. The 530.8, 714.8 and 887.2 keV y-rays are 
identified with those reported by Habs et al. [1] as 
members of the ground state band of 140 Sm. Our data 
are consistent with this result but are at variance with 
their 6 .+4 assignment for the 887.2 keV transition. 
The coincidence spectra relevant to 140 S are shown 
in the right portion of Figure 4. Besides the three lines 
mentioned above, the existence of a fourth line at 
836.0 keY in coincidence with the other three is 
apparent. Since the intensity of this line is larger than 
that of the 887.2 keV y-ray, the latter must precede the 
former in the cascade. It is noteworthy that a peak 
with the appropriate intensity appears at about 
836 keV in the singles spectrum shown in Reference 1. 
In addition to the y-rays mentioned above, a line at 
about 770 keV appears to be in coincidence with the 
530.8 and 714.8 keV y-rays (see Fig. 4). Unfortunately 
this line is not resolved from the much stronger 
767.8 keV y-ray from the ' 44 5m(cc, cc 2n) 142 Sm reac-
tion and therefore its coincidence spectrum could not 
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Table 2. Transitions in 140 Sm from the 142 Nd(, xn) reaction with 
E,=9O MeV 
Transition Energy 1 A 2 
2-0 - 530.8 1.00±0.08 0.18±0.04 
714.8 0.97±0.08 0.18±0.04 
6+-4 + 836.0 0.78±0.06 0.13±0.04 
8-.6 887.2 0.61±0.05 0.12±0.04 
be studied. Our results suggest that this y-ray feeds the 
second excited state. 
The time distributions of the 530.8, 714.8, 836.0 and 
887.2 keV y-rays show a delayed component with a 
haiflife of (17±4) ns. Because of this halflife the angular 
distributions have A 2 coefficients characteristic for 
attenuated stretched E2 transitions. The results for 
' 40 Sm are summarized in Table 2. 
IV. Discussion 
The level schemes of 1 12 G and 140 Sm obtained in the 
present work are shown in Figure 6. The similarity 
between the ground state bands of these two N =78 
isotones is apparent. The VMI model was applied to 
these bands [7]. The energies of the 2 1 and 4 1 states 
were used to determine the two parameters of the VMI 
model; the ground state moment of inertia / and the 
softness a. They are similar in both cases and around 
0.002 [keV]' and a 10. These values, which 
imply small deformations are about the same in the 
other N=78 isotones 138 N and 136  C but change for 
the lighter isotones indicating a trend towards still more 
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Fig. 6. Level schemes of 112 G and ' 40Sm obtained in the present 
work. The energies of the first two excited States were used, in each 
case, to determine the parameters of the VMI model from which the 
energies of the 6  and 8 states were predicted 
spherical and softer systems [7]. It is interesting to 
note that the parameters obtained for 142  G and 
"40 Sm are closer to those found in the N= 88 isotones 
(6 neutrons outside closed shell) than in the "mirror" 
N =86  nuclei. This effect is probably related to the 
asymmetry found by Sakai [8] between E4+/E 2+  
energy ratios, in nuclei with two holes or two particles 
outside closed shells; The predicted energies (Fig. 6) 
for the 6 and 8 states are in reasonable agreement 
with the experimental values. 
The halflife of 17 ns in 140Sm may be attributed to a 
10 1 state which was not observed in the present study. 
Such a 10 isomer of Ii/2_2s  is known to exist in 
the isotone 136  Cc [9, 10] and it has been suggested 
that this state has predominantely a (vh12) two-
neutron-hole configuration [9]. 
One of us, M.A.J. Mariscotti, would like to express his sincere 
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EVIDENCE FOR h 1 PROTON INDUCED BACKBENDING 
IN THE Os REGION: 	- 
Investigation of the nuclei 18111e, 181-1 "Os 
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Abstract: High-spin states in 181, 183. 1840s and "'Re have been populated by (a, xn) reactions and 
studied using in-beam y-ray spectroscopy methods. In 18105 three bands have been established up 
to high-spin states, namely a decoupled [521] band up to a strongly coupled [51 4J band 
up to - and a mixed positive-parity i 1312 neutron band up to 	All three bands show back- 
bending. In ' 8t Re the previously known bands were extended to higher spin states. The strongly 
coupled [514] and [402] hands, which were established up to 	and 	respectively, do 
backbend while the decoupled h 912  proton band, extended up to does.not. The latter feature 
has been interpreted as a blockitg of backbending by the h 912  proton. It was concluded from all these 
results that the backbending effect known to exist in 18205  is due to the rotation alignment of a pair 
of h9 , 2 protons. The backbending behaviour observed for 183, 1840s seems to indicate that also 
in 184Ø  the protons produce backbending. 
NUCLEAR REACTIONS ' 81 Ta(a, 4ny),E = 52MeV; 182, 184, ' 86W(a, xny),x = 4,5,6,7, 
E = 65-88 MeV; measured E7, I, yy 4t-coin, ay-delay. '81Re, 181183.184OS deduced 
levels, J, it, T1 , 2 , A, y-branching, v-mixing. Enriched targets. Ge(Li) detectors. 
1. Introduction 
In recent investigations of the nucleus ' 820s backbending and forward-bending 
has been observed in the ground-state band (g.s.b.) 1, 2) . A backbending effect was 
also found in the g.s.b. of 184,  ' 860s [ref. 2)].  The critical angular momentum where 
the backbending curve in the plot of (20/h 2)h2w 2 starts to bend back is 10 h in case 
Of 1820s [refs. 1, 2)] This value is smaller than the critical angular momentum of 
Present address: Institut Laue-Langevin, BP 156, 38042 Grenoble Cedex, 'France. 
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12 h to 16 h observed for the neutron deficient even-mass Er and Dy nuclei 
3). 
Furthermore in 1820s the moment of inertia reaches only a maximum of 74 % 
[ref. 1)]  of the rigid rotor value at co = 0, which is significantly smaller than the value 
obtained for the Er and Dy nuclei 3). 
The backbending effect in the Os nuclei cannot be understood in terms of the 
rotation alignment of iY  neutrons in the usual way as will be explained sub-
sequently. In the rotation-alignment model of Stephens and Simon 4)  the back-
bending effect is attributed to the rotation-alignment of a pair of iy neutrons: these 
neutrons are decoupled from the core by the Coriolis force and their angular 
momenta are aligned along the rotation axis. The Coriolis force is strongest if the 
Fermi surface is close to low Q-substates of the ii orbital. This is the case for the 
neutron-deficient Er and Dy nuclei where the backbending effect has definitely been 
attributed to the decoupling of a ii neutron pair ). However, for nuclei for 
which the Fermi surface is close to the higher Q-substates of the ii orbital, a smooth 
increase in 0 has been predicted 8).  For the nuclei 182, 184. ' 860s the Fermi surface 
is located in the vicinity of the Q ='1 substate of the ii neutron orbital. Therefore, 
no backbending effect is expected for these nuclei in the Stephens-Simon approach 
if the decoupling of ü neutrons is considered. Attempts have been made to under-
stand the backbending effect observed for 182. 184, 1860s by the rotation-alignment 
of a pair of i 3 neutrons invoking the positive hexadecapole deformation 
9) 
 64 found 
in the W-Os region 10_12). Positive hexadecapole deformations which have also been 
predicted theoretically 13)  lead to a strong bunching of the low-0 substates and push 
them upwards in the vicinity of the Fermi surface. Thereby the amplitude of the low-0 
substates in the wave function of the state occupied by the ii neutron pair increases 
so that Coriolis decoupling becomes more probable. The backbending effect in 
182, 184, 1860s could also be attributed to the Coriolis decoupling of a pair of h 
protons as noted by Stephens et al. 9). Bernthal et al. 14) suggested that the de-
coupling of an iy neutron pair still could explain the backbending effect observed 
in the Os region. This conclusion was drawn from the observation that the band 
structure of the positive-parity bands in 179W, 183. 187 0s is at higher spins very 
similar to that of the positive-parity bands in 161, 163 Er. 
For a long time the Coriolis-antipairing (CAP) effect has been considered as an 
alternative explanation for the backbending effect. More recent calculations of 
Gruemmer et al. 15) and Frauendorf 16) indicate that the CAP effect can explain 
the gradual increase of the moment of inertia at low spins but not the backbending 
behaviour. This is due to the fact that the pairing gap decreases much slower with 
increasing spin than originally thought. More specifically the calculations of 
Gruemmer et al. 15) for 182 0s show that the backbending effect observed for this 
nucleus is not reproduced by the CAP calculations. 
In order to obtain more information on the mechanism responsible for the back-
bending effect in the Os region we have carried out a detailed in-beam y-spectroscopic 
study of the odd-neutron nuclei 181, 1830s and the odd-proton nucleus 181 Re. 
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Such an investigation appeared to be worthwhile since the study of rotational bands 
in odd-A nuclei has been shown to be a powerful tool to determine which particles 
are responsible for the backbending effdct in certain even-A nuclei. From such an 
investigation it could be established for example that in the Dy-Ho-Er region 
the iii neutrons are responsible for the backbending effect. The arguments for this 
conclusion were as follows. It was found that the positive-parity i neutron bands 
in 157,  ' 59Er [refs. 1, 7)] and 155, 157, 159Dy [ref. 7)]  display no backbending up 
to very high angular momenta. The highest observed angular momentum is in each 
case considerably larger than the spin corresponding to the critical angular 
momentum of the backbending in the neighbouring even-A Er and Dy nuclei. This 
result can be understood as a blocking of backbending since the blocking of the level 
occupied by the valence iy neutron hinders the complete decoupling of an iy neutron 
pair 3, 7),  i.e. the formation of the configuration which is responsible for the 
backbending in the neighbouring even-mass nuclei. On the other hand, in 
157, 159,161 Ho the bands based on the [523] member of the h. proton orbital 
exhibit a backbending behaviour similar to that of the neighbouring even-mass Dy 
and Er isotopes 6)  This indicates as expected, that the blocking of a proton level 
does not significantly influence the backbending behaviour of the core nucleus. 
Therefore, considering all these results it has been concluded that in the Er and Dy 
region the backbending effect is actually produced by the rotation alignment of a - 
pair of iq neutrons. 
From the present work it can be deduced that the backbending effect in 1820s 
and probably also in 18405  is due to the rotation alignment of a pair of h+  protons. 
In the course of this investigation a detailed level scheme for 181 0Swas established. 
For this nucleus very little was known prior to the present study. Furthermore, the 
level schemes of '8' Re  and 183, 1840s were considerably extended. Some pre-
liminary results of this work have been given in ref. 3), 
2. Experimental methods 
The final nuclei "'Re and 181. 183, 1840s were studied in-beam using (, xny) 
reactions, the a-beams being delivered from the Jülich isochronous cyclotron 
JULIC. The ce-energies ranged from 52 to 88 MeV and were produced by de-
grading the primary beam of 88 MeV delivered from JULIC using either carbon or 
aluminium absorber foils. The y-rays from the final nuclei were investigated using 
conventional in-beam y-spectroscopic methods namely measurements of v 12 
coincidences, y-ray angular distributions and timing spectra of y-rays. In the three-
parameter y 1 -y 2 -1 12 coincidence measurements large volume Ge(Li) detectors 
(typically between 59 and 77 cm 3) were placed at ± 125° to the beam direction at a 
distance of 5.1 cm from the target. spot. The detectors were shielded with lead so 
that the scattering of y-rays from one detector into the other was strongly reduced. 
Both y-ray energies and the time delay t 12 between the coincident events were written 
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event by event on magnetic tape using a buffer tape system. Gamma-ray counting 
rates of 10000 cps and total coincidence rates of 1000 cps were generally used. 
In the subsequent off-line sorting of the tapes containing these event-mode data 
allowance could be made for the variation in width and location of the time peak 
as a function of energy in order to correct for the energy dependence of the time 
resolution of the Ge(Li) detectors. 
For the y-ray angular distribution measurements a 62 cm' Ge(Li) detector of 1.95 
keV resolution at 1333 keY was used. It could be rotated about the target position 
from 90° to 165° in 15° steps. A second Ge(Li) detector mounted at a fixed position 
served as monitor detector. The techniques used in our angular distribution measure-
ments are described in detail in ref. 17)  for the example of the 186W(c, 7ny) 18 3 0s 
reaction. 
The natural beam pulsing of the isochronous cyclotron enabled timing spectra of 
'p-transitions to be measured using various planar Ge(Li) diodes. For an 88 MeV 
a-beam the time between pulses is 47 ns at JULIC and the beam bursts are 3 ns 
wide. The 'p-decay of states, populated in the beam burst was measured in delayed 
coincidence with the beam burst. To pick up a timing signal from the beam pulses 
a 0.1 mm scintillator foil viewed by a photo-multiplier was mounted downstream 
from the target. Using a 0.9 cm  Ge(Li) detector the time resolution was 7 ns 
FWHM for E = 80 keY. 
Details of the experiments carried out in the study of 
181  Re and 181, 183, ' 840s are 
summarized in table 1. 
TABLE 1 
Summary of experimental details 
Final nucl. 	React. ) Target enrich. (%) E (MeV) 
Type of exp. 
181 Re 	181 Ta(a, 4n)' 81 Re natural 52 v-v coinc.  ( 	 109 x 10
6  events) 
181 Ta(u, 4n)' 8 ' Re natural 52 y-ray ang. distr., timing 
181 0s 	182W(a, 5n) 181 0s 94.3 65 v-v coinc. ( 	 147 x 
106  events) 
182 W(a. 5n) 181 0s 94.3 65 y-ray ang. distr. 
184W(a, 7n)' 81 0s 94.2 88 y-ray ang. distr., timing 
1830s 	184W(u, 5n)' 
830S 94.2 64 v-v coinc. (n 191 x 106  events) 
186W(a, 7n)' 830S 96.1 84 v-v come. ( 	 82x 106  events) 
184W(e, 5n) 1830s 94.2 64 v-ray ang. distr. 
186W(u, 7n)' 1130S 96.1 88 v-ray ang. distr., timing 
'Os 	186W(u, 6n)' 840s 96.1 75 
y-y come. ( 	 67 x 106  events) 
186W(cx, 6n)' 1140S 96.1 75 p-ray ang. distr., timing 
) 
The Ta target was a self-supporting metal foil of 15 mg/cm 2  thickness; the W-targets consisted 
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3. Experimental results 
In this section the experimental data for the nuclei 18  'Re and 181, 183, 1840s are 
presented. 
3.1. THE NUCLEUS "Re 
Prior to our investigation the nucleus 18  'Re has been studied by various 
groups 18_23).  In previous in-beam work three bands have been observed, namely 
a [514] band up to spin [refs. 21. 23)] a [402] band definitely up to 
[refs. 21, 23)] and a decoupled h  proton band up to 	[ref. 23)] .  Also an isomeric 
state of half-life T+ = 11.4 is was observed to decay into the t[514]  band 22). 
400 	 600 	 800 	 1000 	 1200 
52MeV a-PARTICLES ON ' 61 Ta 
y-SINGLES SPECTRUM 
I 	TRANSITIONS IN 181  Re 90.000 
0 
- 	 CHANNEL NUMBER 
Fig. 1. Singles y-ray spectrum following the bombardment of a natural Ta target with 52 MeV 
a-particles. Transitions in ' 8t Re are labelled with their respective energies. The strong 365.5 keY line 
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Fig. 2. Level scheme of "'Re. The decoupled band is derived from the h 912 proton orbital. 
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The purpose of our investigation was to extend these bands in "' Re  up to higher 
spin states so that conclusions about the backbending behaviour of these bands could 
be drawn. 
A y-singles spectrum taken with the high resolution 62 cm' Ge(Li) detector is 
shown in fig. 1. This y-spectrum results from the 181 Ta(, xn) reaction at E8 = 52 
MeV. The y-transitions in "'Re are indicated in fig. 1 by their energies. With 
significantly smaller yield also 112  Re is produced. Transitions belonging to 182  Re 
are not labelled in fig. 1. Furthermore y-lines of the radioactive decay of "" Re  have 
been observed. The strongest line, namely the 365.5 keY line in 181 W is identified in 
fig. 1. The spectrum is very complex and the use of a high resolution detector was 
essential in order to resolve the lines. The low-energy part of the y-singles spectrum 
has therefore also been measured with a 0.9 cm' planar Ge(Li) detector of 0.6 keV 
resolution at 122 keV. This measurement substantiates the spectrum shown in fig. 1. 
In order to extend the previously known level scheme of " 'Re to higher spin states 
y-y coincidence spectra have been measured for 68 h. The level-scheme resulting from 
this work is shown in fig. 2. All y-transitions in the level scheme were assigned from 
I 	 I 	 I 
52 MeV a-PARTICLES ON lei  To 
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Fig. 3. Background corrected y-y coincidence spectra gated with the 215.3 and 281.8 keV transitions of the 
t[514] band in ' 81  Re. Because of the 156 ns half-life of the band head the intensities of the 118.1 and 





The ' 81 Re y-ray energies, relative y-intensities I, relative transition intensities I,,, and angular distribution coefficients in the 181 Ta(a, 4n) reaction 
atE,=52MeV C' 
E (key)') Transition I, Ito, A 2 1A O A 41A O Multipolarity 
118.1 - 	[402] 2.34±0.16 10.00±0.70 0.01+0.02 -0.03±0.03 Ml+(2±1)%E2 
144.7 ') - 5.15±0.36 5.92±0.41 -0.04±0.02 
b) -0.02±0.03 b) El 
148.6 - 	[402] 0.79±0.06 2.13±0. 1 5 0.02±0.02 -0.02±0.03 M1+(2±1)%E2 
156.1 "- - 1.05±0.11 1.80±0.19 0.24±0.02 -0.07±0.03 E2 
164.3 - 	[514] 2.46±0.17 5.63±0.39 0.03±0.02 -0.01+0.03 M1+(2±1)%E2 
177.1 - 	[402] 0.76±0.15 1.56±0.31 0 .01+0 .02 0.00±0.03 M1+(2±1)%E2 
191.7 - 	-[514] 2.47±0. 1 7 4.52±0.31 0.03±0.02 -0.02±0.03 M1+(2±1)%E2 
202.7 -U + - .~ 	 [402] 0.77±0.08 1.33±0.13 0.05±0.02 -0.01+0.03 M1+(2±l)%E2 
205.9 0.16±0.04 0.21 ±0.05 0.25±0.06 -0.03±0.08 
(E2) 
215.3 - 	[514] 2.39±0.17 3.82±0.27 0.04±0.02 -0.01+0.03 M1+(2±l)%E2 
220.4 0.09 ±0.04 -0.17+0.09 0.23 ±0.12 
221.9 0.43±0.06 0.53±0.07 0.23±0.04 0.06±0.06 
(E2) 
224.4 - 	() 0.42±0.05 0.08±0.04 -0.02±0.06 
226.5 15 + 	11+ [4021 0.66±0.05 1.01+0.07 0.00±0.03 0.02±0.05 Ml+(2±1)%E2 
238.2 -L7 - [514] 1.87±0.30 0) 2.73±0.44 
C) 
0.01+0.02 -0.02+0.03 
Ml +(2± l)°/0E2 
238.8 d) - 1.88±0.31 
0) 2.01 ±0.33 0)J - - El 
243.7 11+  - 	[402] 0.50±0.04 0.78±0.05 -0.03±0.03 -0.04±0.05 
Ml+(2±1)%E2 
253.1 0.3340.05 0.38±0.06 0.42±0.04 -0.01+0.06 
(E2) 
255.4 -+ 	[514] 1.58±0.24 
C) 2.18±0.33 C) 0.14±0.02') -0.01±0.03') Ml +(E2) 
260.2 12+ - 	[402] 0.52±0.04 0.71±0.05 -0.04±0.03 0.01+0.05 
Ml +(2± 1)%E2 
263.6 -' 	 [402] 0.21 ±0.08 0.28±0.10 0.00±0.04 0.01+0.06 
Ml +(2± 1)%E2 
265.2 -* 	[402] 0.31 ±0.07 0.41+0.09 -0.07±0.05 -0.04±0.07 Ml+(2±l)%E2 
271.9 -+ 	-[402] 0.22±0.05 
C) 0.29±0.07 C) -0.10±0.05') -0.03±0. 07 ') Ml +(E2) 
273.8 - 	[514] 0.66±0.05 0.86±0.07 0.05±0.02 -0.01+0.03 Ml+(2±l)%E2 
276.0 - 1.28±0.28 1.42±0.31 0.33±0.02 -0.06±0.03 
E2 
281.8 1-3- - 	 '-[5l4] 0.50±0.13 
C) 0.65±0.17 C) 0.02±0.02 -0.02±0.03 MI +(2±1)%E2 
285.7 j[514] 0.17±0.03 0.22±0.04 -0.03±0.08 -0.12±0.12 Ml +(E2) 
290.7 - 	[514] 0.17±0.05 C) 0.21 ±0.06 
C) 0.15±0.05 ') 0.08±0.07') MI +(E2) 
A 
.4 
294.6 - 13 [5 1 4] 0.22±0.04 0.28±0.05 -0.01 ±0.05 -0.14±0.07 	M1+(2±1)%E2 
325.7 11+ -+2 	[402] 0.33±0.03 0.35±0.04 0.23±0.03 -0.02±0.05 E2 
328.9 () _.J- 1.00±0.10 0.05±0.03 -0.02±0.05 (El) 
355.9 -* 	[5l4] 0.31 ±0.08 0.33 ±0.08 0.26±0.06 -0.08 ±0.09 E2 
379.8 - 	[402] 0.33±0.04 0.34±0.04 0.33±0.04 -0.04±0.06 E2 
386.0 - 1.03±0.10 1.07±0.10 0.31+0.02 -0.10±0.04 E2 
407.0 - 	[514] 0.68±0.07 0.71+0.07 0.25±0.03 -0.10±0.05 E2 
429.1 1+ - 	-[402] 0.47±0.05 0.48±0.05 0.28±0.03 -0.05±0.05 E2 
4535 -* 	[514] 0.73±0.07 0.75±0.07 0.19±0.03 -0.07±0.05 E2 
470.2 -* -'[402] 0.53±0.06 0.54±0.06 0.28±0.03 -0.07±0.05 E2 
481.1 -' 0.84±0.08 0.86±0.08 0.31 ±0.03 -0.08 ±0.05 E2 
493.6 - 	-' - [514] 0.87±0.09 0.89±0.09 0.23±0.03 -0.06±0.05 E2 
503.7 19+ 	'[4O2] 0.43±0.04 0.44±0:04 0.31 ±0.03 -0.09±0.05 E2 
525.4 21+ 	 [402] 0.49±0.12 0.50±0.12 0.26±0.05 -0.08±0.07 E2 
529.0 - 	'[514] 0.49±0.07 0.50±0.07 0.27±0.04 -0.13±0.06 E2 
535.5 -+ 	[402] 0.29±0.08 0.29±0.08 0.28±0.06 -0.18±0.09 E2 
537.1 - [402] 0.35±0.12 0.35±0.12 ) ) (E2) 
555.6 . - 	[514] 0.58±0.17 0.59±0.17 0.27+0.07 0.04±0.10 E2 
556.7 0.44±0.13 0.45±0.13 0.29±0.03 -0.13±0.05 E2 






584.3 () -- 046±0.14 0.46±0.14 ) ) (El) 
585.3 -  13 [5l4] 0.23±0.07 0.23+0.07 ) ) (E2) 
610.9 -. 0.28±0.08 0.28±0.08 0.33±0.06 -0.06±0.09 E2 
619.1 0.13±0.03 0.13±0.03 0.14±0.13 -0.17±0.17 
621.1 () -~ 2 0.22±0.06 0.22±0.06 0.25±0.08 -0.09±0.10 (Ml, El) 
651.2 - 0.18±0.05 0.18±0.05 0.35±0.11 -0.16±0.15 E2 
692.8+1.0 (A2' -  0.09±0.06 0.09±0.06 I) 
859.1+0.6 (i') - 0.59±0.12 0.59±0.12 -0.27±0.06 -0.12±0.09 	. (Ml, El) 
) y-energies accurate to ±0.2 keV unless otherwise stated. d) Isomeric transition, T12() = 96 ns. b) Isomeric transition, T1 12() = 156 ns. ) Line contaminated. 
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analysis of individual y-y coincidence spectra. Coincidence relations between cascade 
and crossover transitions yielded a powerful tool to place y-transitions within the 
level scheme. This can be seen from the sample y-y  coincidence spectra shown in 
fig. 3 where gates have been set on the 215.3 and 281.8 keY members of the t[ 5 l 4] 
band, respectively. In the spectrum gated on the 215.3 keV line, e.g., the 407.0 and 
453.5 keY crossover transitions vanish indicating that these transitions are parallel 
to the gating transition in the level scheme. For the applicability of this method it 
was essential that our y-y  coincidence spectra have a very low background so that the 
weak crossover transitions could be identified. Support for the placement of cascade 
and crossover transitions within the band was derived from the consideration of 
energy sums. The energy sums of two consecutive cascade transitions agree in all 
cases to better than 0.2 keV with the energies of the corresponding crossover transi-
tions. Additional help for the assignment of transitions within the level scheme came 
from the study of their intensities in the coincidence spectra. All y-rays preceeding 
the gating transition have the same relative intensities as in the singles spectrum. The 
y-rays following the gating transition have the intensity of the gating transition 
corrected for the branching ratios of the cascade and crossover transitions. The effect 
of the branching ratios can be visualized in the lower coincidence spectrum of fig. 3, 
where the 355.9 keV transition is less intense than the preceeding 453.5 keY 
transition (cf. table 2). 
3.1.1. The [514] band. The [514] band of ' 81 Re was extended up to 	as 
shown in the level scheme of fig. 2 applying the above given criteria to our y-y 
coincidence results. The sequential order obtained for the cascade transitions can 
be visualized from the two y-y coincidence spectra of fig. 3 gated on the 215.3 and 
281.8 keV members of the 9-[514]  band. The intensities of the cascade transitions 
preceeding the gating transition decrease with increasing spin. The 285.7 keV 
29 
 -
- transition is superimposed by the 281.8 keV line and can be best seen in 
the lower y -y coincidence spectrum of fig. 3 where a gate has been placed on the 
281.8 keV y-ray. The investigation of several coincidence spectra favoured the 
ordering of the 290.7 and 285.7 keY transitions as shown in fig. 2. This sequence was 
additionally supported by the energy sum involving the crossover transition of 
585.3 keY. From the lower coincidence spectrum in fig. 3 it can be seen further that 
the 555.6 keV transition vanishes and that the 576.3 keV line is reduced. Considering 
in addition all other experimental information, these lines have been placed therefore 
as -+ and - crossover transitions, respectively, parallel to the 
281.8 keV 	-* 	cascade transition. From consideration of all . coincidence 
spectra it appears that the 576 keV line is a doublet the second component being 
probably the 29-  - crossover transition. This assignment is supported also 
from energy sums. The 	_ -y component of the 576 keY y-ray does not show 
up clearly in the coincidence spectrum gated on the 281.8 keY transition (cf. fig. 3) 
as expected from the weak intensity of the 29-  -~ 	transition. This assignment is 
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that the 290.7 keV line has to be placed in the level scheme above the 281.8 keY 
transition in contradiction to the result of Singh et al. 23)  This can be seen clearly 
from the intensity relations of these two lines in the upper coincidence spectrum 
of fig. 3. The 562.0 and 569 keY lines reported by these authors 23)  do not appear in 
our coincidence spectra. 
All the assignments of y-transitions as cascade and crossover transitions in the 
[514] band (cf. fig. 2) are supported by angular distribution measurements. The 
angular distribution coefficients for all transitions in "'Re as well as their y-ray 
energies, intensities and multipole assignments are given in table 2. The crossover 
transitions show large positive anisotropies characteristic of stretched E2 transitions. 
The cascade transitions have angular distributions with A 2 and A 4 coefficients close 
to zero indicating that they are Ml transitions with (2 ± 1)% E2 admixture, the 
dipole-quadrupole mixing parameter 6 having a positive sign. 
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TIME(ns) 
Fig. 4. Time spectra of six transitions in "'Re. The prompt peak has 7.1 ns FWHM and slopes with a 
half-life of 2.2 ns. The time spectrum of the 255.4 keV line containes a long lived component. 
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band are prompt within the experimental limit of 2.2 ns excepting the band head 
which has a half-life of Ti. = 156 ns as previously determined by Goudsmit 
19). 
The isomeric state deexcites via the 144.7 keV transition into the member of 
the 	[402] band (cf. fig. 2). In the present experiments the half-life of the 	state 
could not be determined since the time between beam pulses is only 47 ns at JULIC. 
Time spectra for the 255.4, 273.8, 281.8 and 290.7 keV members of the [514] 
band are shown in fig. 4. The time spectra of the 273.8, 281.8 and 290.7 keV 
transitions have the shapes of prompt curves so that an upper limit for the half-life 
to 2.2 ns for the states deexcited by these transitions could be derived. Besides the 
prompt component, the time spectrum of the 255.4 keY transition shown in fig. 4 
has also a long lived component which is due to an isomeric transition feeding into 
the state, as will be discussed below. The long lived component with a lifetime of 
20-30 ns reported by Singh et al. 23)  for the 273.8, 281.8 and 290.7 keY transitions 
could not be confirmed by our timing measurements (cf. fig. 4), an upper limit for its 
intensity being 10 % of the intensity of the considered transitions. 
Several transitions are feeding into the [514] band. The 621.1 and 859.1 keY 
y-rays depopulate the same state and feed into the 	and -- states, respectively. 
These two transitions can be observed in the upper coincidence spectrum of fig. 3 
gated on the 215.3 keY line. Taking into account the angular distributions found 
for the 621.1 and 859.1 keY transitions given in table 2 the spin assignments I = 
or 	are possible for the state depopulated by these two transitions. Considering 
that no transitions to low-spin members of the [514] band have been observed it 
is most likely that the new level has spin . Both transitions then have pre-
dominantely dipole character. 
The previously known 328.9 and 584.3 keV lines 22)  appear also in our y-y coin-
cidence spectra and can be seen in the upper coincidence spectrum of fig. 3. The 
224.4 keY transition seen in the singles spectrum of fig. I and reported by Conlon 22) 
was not found in the prompt y-y  coincidence spectra. Therefore, delayed y-y coin-
cidence spectra gated on the 224.4 and 328.9 keV lines have been studied where 
time windows have been set on the left as well as on the right side of the prompt 
peak in the t 12  time spectrum, so that coincidence events occurring respectively 
before or after the prompt events could be observed. It was found in the delayed 
coincidence spectra gated on the 224.4 keV y-ray that the 328.9 keY line as well as 
all cascade transitions of the [514] band up to the -, transition are 
following the 224.4 keV line. On the other hand it appears from the study of the 
delayed coincidence spectra gated on the 328.9 keV line that only the 224.4 keV 
y-ray preceeds the gating transition. Therefore, it can be concluded that the state 
populated by the 224.4 keY line and depopulated by the 328.9 keY y-ray is an isomer. 
The half-life of this isomer could not be determined from our measurement. It was 
concluded that it lies in the interval 45 ns < T4  < 11.4 zs, the lower value being our 
experimental limit, the upper value being the half-life of the isomer found by 
Conlon 22) 
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No information about the multipolarity of the 328.9 and 584.3 keY transitions 
could be obtained since they depopulate an isomeric state and their angular 
distributions are therefore expected to be isotropic. From table 2 it can be seen that 
this is essentially true for the 328.9 keY transition. On the other hand the angular 
distribution of the 584.3 keV transition could not be determined due to the 
presence of contaminating lines. From our lifetime result for the isomer under 
consideration and taking into account the fact that the violation of the K-selection 
rule reduces the transition probability by about 102  per degree of forbiddeness 24) 
with respect to the Weisskopf estimate spin-parity assignments of P = 	or 
can be suggested. A spin-parity of P = - 2 -  could be assigned to the new isomer 
if the 328.9 and 584.3 keV transitions have mainly Ml and E2 multipolarity, 
respectively. The other possibility, of P = 	is valid if the 328.9 and 584.3 keY 
transitions have both El character as suggested by Conlon 22).  Since transitions to 
the and -' members of the 9-[514]  band have not been observed the latter 
assignment is more probable. 
In addition to the transitions discussed so far five more y-rays were observed to be in 
coincidence with members of the [514] band up to the -+ transition. The 
205.9, 220.4, 221.9 and 253.1 keY lines seem to build a cascade but the ordering 
could not be established since the 220.4 and 221.9 keV transitions form a doublet 
and the 253.1 keV line is not completely resolved from the 255.4 keV transition in 
the coincidence spectra. Furthermore a 619.1 keY line was observed to feed into 
the member of the [514] band. 
3.1.2. The [402] band. From our experiments the 	[402] band .could be 
extended up to t Two sample y-y coincidence spectra gated on the 226.5 and 265.2 
keV members of this band are shown in fig. 5. A complication in the analysis of the 
coincidence spectra originated from the fact that the 260.2 keV, 263.6 keV and 
265.2 keV lines form a partially unresolved triplet as can be seen in the middle 
coincidence spectrum of fig. 5 where a gate has been placed on the 226.5 keY transi-
tion. The lower coincidence spectrum gated on the 265.2 keV member of this triplet 
shows that the 525.4 keV crossover transition vanished allowing the placement of 
the gating line as 221+ . i+ transition. This assignment is supported from considera-
tion of all other coincidence spectra. The line at 536 keV placed as.- 4 -. 11+ 
crossover transition by Singh et al. 23)  was found to be a doublet consisting of the 
535.5 and 537.1 keV lines which have been assigned as the 221+ -+ 	and the 
221 + 	crossover transitions, respectively, from our coincidence measurements. 
In the middle coincidence spectrum of fig. 5 gated on the 226.5 keV transition 
the above mentioned doublet can be seen. In the lower coincidence spectrum the 
intensity of this peak is reduced since the 537.1 keV component is not in coincidence 
with the gating 265.2 keV line. 
The angular distribution measurements support the assignment of y-transitions 
as cascade and crossover transitions in the [402] band (cf. table 2). The time 
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prompt and the long lived component with a lifetime of 	15 ns reported by 
Sing et al. 23)  does not appear in our measurements, an upper limit for its intensity 
being 4 % of the intensity of the 177.1 keV transition. Likewise all other members 
of the 4 [402] band are prompt within the experimental limit of 2.2 ns excepting the 
118.1 keY 4 transition. This is due to the fact that the state is fed by the 
144.7 keV transition deexciting the band head (T = 156 ns) as well as by the 
238.8 keY transition known from radioactive decay work 20)  to deexcite an 
isomeric 4 state (T4 = 96 ns). 
3.1.3. The decoupled band. From our coincidence experiments the decoupled h 
band could be extended up to the () state. A sample y-y coincidence spectrum 
is shown in the upper portion of fig. 5 where a gate has been placed on the 386.0 keV 
21 	transition. All transitions in the decoupled band up to the 692.8 keY 
y-ray can be seen except for the 	-+ 4-  transition. The placement of these 
transitions within the decoupled band as given in the level scheme of' 8 ' Re (cf. fig. 2) 
was derived unambiguously from the investigation of the individual coincidence 
spectra by setting gates on all members of this band. The sequential order obtained 
can be visualised from the regularly decreasing intensity of the transitions above 
the 386.0 keV gating transition in the uppermost coincidence spectrum of fig. 5. 
The 118.1 and 238.8 keY y-rays are significantly reduced in intensity in this coinci-
dence spectrum because of the intermediate isomeric 4-  state with the known 20) 
half-life of Ti. = 96 ns. The lowest observed member of the decoupled band, i.e. 
the 156.1 keV transition, has been assigned as 	- 4 transition since in analogy 
to 17 9R [ref. 25)]  the 	4 transition is expected to be of the order of 40 keY. 
In the preliminary results given in ref. 3)  this latter transition has not yet been 
included. 
In the angular distribution measurements all members of the decoupled band 
were found to have large positive anisotropies characteristic of stretched E2 
transitions excepting the 692.8 keY line, the angular distribution of which could 
not be determined since this line is located on the edge of the 72 Ge(n, n'y) peak. 
The identification of this line as the 	-+ 	transition is therefore not as certain 
as all the other assignments. This assignment gains additional support, however, 
from the fact that the intensities of the members of the decoupled band decrease 
very regularly with increasing spin. The time spectrum of the 156.1 keY 
transition is shown in fig. 4. The transition is prompt and the long lived component 
with a lifetime of 	68 ns reported by Singh et al. 23)  does not appear in our 
measurements, an upper limit for its intensity being 	5 % of the intensity of the 
156.1 keV line. 
3.2. THE NUCLEUS ' 81 0s 
Prior to our investigation the nucleus ' 81 0s has been studied in-beam by 
Kawakami et al. 26)  using the (p, Sn) reaction and furthermore by radioactive decay 
TABLE 3 
The 181 0s y-ray energies, relative y-intensities I, relative transition intensities 1101  and angular distribution coefficients in the ' 82W(a, Sn) reaction 
at E. = 65 MeV 
E5 (keV) 0) 	Transition 	 110t 	 A 2 1A 0 	 A 41A O 	 Multipolarity 
74.0 13+ 	j+ 0.05±0.02 0.72±0.27 -0.42±0.10 -0.09±0.15 Ml +(5±3)%E2 
102.7 ( 	- 	4[521]) 0.04±0.01 0.21+0.06 0.41+0.08 -0.09±0.12 E2 
1077b) -a 	2 0.77±0.08 1.00±0.10 El 




-0,06±0.02 b) -0.01 ±0.03 b) Ml(+E2)  
107.7 0) 21+ 
123.5 -+ 	[514] 0.10±0.01 0.42±0.04 -0.14±0.06 0.12±0.09 Ml(+E2) 
130.8 (i', 	) -' ) 0.05+0.02 0.06±0.02 -0.15+0.06 -0.05+0.09 (El) 
148.4') 11 -a 	[514] 0.06±0.02 d) 0.16±0.05 
d) 
-0.71±0.04 0.05+0.06 Ml +(20± l0)%E2 




- 	[514] ' 0.02±0.01 0.04±0.02 -0.19±0.10 0.29±0.15 M1(+E2) 
191.2 -a 	[514] 0.03±0.0 1 0.06±0.02 -0.21 ±0.08 0.11±0.12 Ml(+E2) 
2040 (23 	25' 
-r, -- 	- ) 0.05 ±0.02 0.08 ±0.03 -0.57±0.05 0.03±0.08 Ml(+E2) 
2147 (25y  27 , T) -' (v-, 	) 0.03±0.02 0.05±0.03 -0.42±0.08 0.01 ±0.12 M1(+E2) 
222.9 15+  -a 0.17±0.03 0.21+0.03 0.21+0.04 -0.06±0.06 E2 
229 6 0) 
2 
T' -r '2' 	2/ 0.03±0.02 
d) ( II (25 	27 1 0.04±0.03 d) -0.45±0.06') 0.04±0.09') (Ml +E2) ') 
231.6 ( + 	[521] 0.15±0,02 0.18±0.02 0.25±0.03 -0.03±0.05 E2 
257.1 L+ 	13+ -r 0.23±0.05 d) 0.25 ±0.05 
d)  'I 0.04 ± 0.02 -0.03 ± 0.03 
E2 
257.1 0) 19+ -a 17+ 0.09±0.02 d) 0.13±0.03 
d) 3 Ml(+E2) 
272.0 
2 
- 	[514] 0.12±0.01 0.13±0.01 0.32±0.03 -0.10±0.05 E2 
318.5 -, 	[514] 0.20±0.02 0.22±0.02 0.31+0.02 -0.07±0.03 E2 
343.1 -* 	[521]) 0.20±0.02 0.21 ±0.02 0.29±0.02 -0.07±0.03 E2 
3613 -L' - [5 14] 0.26±0.03 0.27±0.03 0.24±0.02 -0.05±0.03 E2 
364,6 - 	2 0.31+0.05 0.33±0.05 0.38±0.04 -0.13±0.06 E2 
3653 2 2 0.24±0.06 9) 0.25±0.06 
9) 0.34±0.10) -0.03±0.l5) E2 
374.8 23+ -a 21+ 0.04±0.01 0.04±0.01 -0.58±0.07 0.08±0.10 Ml +(8±5)%E2 
393.8 
2 
-* 	[521]) 0.07+0.02 d) 0.07+0.02 d) h) 
h) E2 




4218 (-L2- - 	13 0.14±0.01 0.15+0.01 0.32±0.04 -0.08 ±0.06 E2 • 
434 • 3 C) (25 - -+ 1-1- [521]) O.11±O. 2') o.11±O.o2d)) 0.35 ±0.03 -0.08 ±0.05 
E2 
434.3 ') -.'-[5I4] 2 	2 0.18±0.02 d) 0.18±0.02 d) 
E2 
440 1 (33 29 - --[521]) 0.04±0.01 0.04±0.01 0.21+0.05 0.05+0.08 E2 
4550 (21- -  -[5211) 0.12±0.01 0.13±0.01 0.30±0.04 -0.11±0.06 E2 
463.8') 21+ 0.21 ±0.04 d) 0.21 ±0.04 d) 0.24±0.03 -0.04±0.05 
E2 




2 	-* 0.14±0.04 0.14±0.04 0.47±0.10 -0.15±0.15 
E2 
490.3 L3- 	[514] 0.16±0.02 0.16±0.02 0.34±0.03 -0.09±0.05 E2 
512 • 5 25- -y 	-* 	-[514] 0.23±0.05 0.24±0.05 ') 
E2 
531.5 - 	[514] 0.07±0.02 0.07±0.02 0.32±0.04 -0.06±0.06 E2 
547.6 2? + 	25+ 0.17±0.02d) 0.17±0.02 d)1 0.30+0.02 -0.10±0.03 
E2 
547.6') 12- 	[514] 0.08±0.02 d) 0.08 ±0.02 d) - E2 
560.3 3-' 	[514] 0.04±0.01 0.04±0.01 0.34±0.07 -0.11±0.10 E2 
565.3 1-3- 	-[5141 0.05±0.02 0.05±0.02 0.22±0.08 0.01+0.12 E2 
567.2  [514] 2 	2 0.02±0.01 d) 0.02±0.01 d) 0.14±0.10 -0.09±0.15 
E2 
577.2 27+ 	23+ 2 T 0.09±0.02 0.09±0.02 0.29±0.04 -0.10±0.06 
E2 
586.6 41+_ 37+ 0.04±0.01 0.04±0.02 0.11±0.12 0.08±0.16 E2 
5999 33+2 	
- 
0.09±0.02') O.O9±O.O2d) 1 040±0.04 -0.17±0.06 
E2 
5999 37+ _13+r 0.06 ±0.02 d) 0.06+0.02 
d) E2 
643.7 31+ 	. 	+ 0.06±0.02 0.06±0.02 0.28 ±0.06 -0.09 ±0.09 E2 
671 I 35+ 	31+ 0.03±0.01 0.03±0.01 0.34±0.12 -0.09±0.18 E2 
C)  Energies accurate to ±0.3 keV. 
b)  The main component of the 107.7 keV line deexcites an isomeric state of T 1 12 = 316 ns. 
C)  Energy accurate to ±0.6 keV. 
d)  Intensity determined from y-y coincidence measurement. 
C)  Energy determined from y-y coincidence measurement. 
1)  Line contains contribution of contaminant y-line of intensity I = 0.05 ± 0.02. 
) Intensities and angular distribution coefficients corrected for contribution of the isotropic 365.5 keY transition in ' 81 W of intensity I = 0.42 ±0.06. 
h)  Line superimposed by the 6 .... 4 transition in 182Ø  of intensity 1 = 0.70±0.07. 
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work 18). Kawakami et al. 26)  observed the 	[514] band up to the 	state. 
Furthermore they found an isomeric 	state with a half-life of Ti. = 316 ns which 
decays into the 	state. Information for the band built on the 	state up to 2"  is 
also given 26).  Two long lived isomeric states are known to exist in 181 	namely 
a 	state 19)  (T = 2.7 mm) and a 	state 20)  (T4 = 105 mm) which decay into 
"'Re. It is not known which of these two states is the ground state. The state 
forms the ground state in the isotones 175Yb, ' 77 Hf and 179W [ref. 18)]  The energy 
of the excited 4 state on the other hand decreases very rapidly with increasing 
proton number for these isotones so that a crossing of the ' and ' states around 
181 0s cannot be excluded 18) 
We have studied the nucleus 18105  up to very high-spin states in order to obtain 
information about its backbending behaviour. The level scheme derived from our 
measurements is shown in fig. 6 and the information concerning the y-transitions 
consisting of y-ray energies, intensities, angular distribution coefficients and multipole 
assignments is given in table 3. Three bands have been observed as well as a sequence 
of four y-rays feeding into one of the bands. They are the mixed positive-parity band, 
the [514] band and the [521] band. The mixed positive-parity band is anti-
cipated to consist predominantly of the"[624] and [633] configurations because 
of the similarity with the corresponding band of the isotone 179W [refs. 27, 28)] . 
3.2.1. The mixed positive-parity band. The mixed positive-parity band was 
identified up to from the present investigation by the study of y-y coincidence 
spectra. It was particularly difficult to establish the level scheme of this band since 
a triplet at 107.7 keV and three doublets at 257. 1, 365 and 599.9 keV exist in this 
band. Furthermore the 148.8, 463.8 and 547.6 keY lines form unresolved doublets 
where in each case the other component is assigned as a transition in the [514] 
band. It was essential therefore to study very carefully the y-y coincidence spectra 
which have been measured for 93 h. It was of particular importance to determine 
the intensity relationships in the coincidence spectra. Four sample y-y coincidence 
spectra gated on the 148.8, 257.1, 365 and 599.9 keY lines are shown in fig. 7. 
The lowest coincidence spectrum has been gated on the 148.8 keV line the strongest 
component of which was assigned as the A+ ... 5+ cascade transition. In this 
coincidence spectrum the 107.7 and 365 keV lines are significantly stronger than 
all the other transitions. This can be explained considering that these lines are 
multiplets. The 365 keV line consists of the 364.6 and 365.3 keV components 
which are both in coincidence with the gating transition. The intensity of the 107.7 
keV line should be reduced by a factor of & 10 in this coincidence spectrum 
if the 107.7 keV line would consist only of the isomeric - transition. This is 
due to the fact that the half-life T+ = 316 ns of the state 26)  is much larger than 
the width of the time window ,it & 60 ns used for the 107.7 keV line in the sorting 
of the coincidence spectrum. Therefore, the large intensity of the 107.7 keV line in 
the coincidence spectrum gated on the 148.8 keV transition was concluded to 
originate essentially from coincident intraband transitions. This conclusion was 
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verified from the coincidence spectrum gated on the 107.7 keY line where the gating 
transition does not disappear. From energy sums and from a detailed investigation 
of coincidence intensities in various coincidence spectra it was deduced that the 
107.7 keV line is a triplet, the other two components being the 171 ~ and 
211 transitions. 
In order to establish the level scheme of the mixed positive-parity band it turned 
out to be of importance that the 148.8 and 222.9 keY lines are not in coincidence 
with each other as can be seen in the lowest coincidence spectrum of fig. 7. From this 
fact and considering the coincidence relations of these two lines with all the other 
transitions assigned to this band it was concluded that they are low-lying members 
of the band and that they must be placed parallel as shown in the level scheme of 
fig. 6. The 74.0 keY line which should be in coincidence with the 148.8 keV transition 
is strongly converted and was obscured by X-rays in the coincidence spectra. How-
ever, in the angular distribution measurement carried out with the high resolution 
0.9 cm' Ge(Li) detector this line could be resolved from the X-rays. 
Also members of the [514] band appear in the coincidence spectrum gated on 
the 148.8 keY line since this transition is not resolved from the 148.4 keV   
member of this band. 
In the second y-y coincidence spectrum of fig. 7 the gate has been set on the 257.1 
keY transition. The gating transition does not vanish which implies that this line is 
a doublet and that both components are in coincidence. The angular distribution of 
the unresolved 257.1 keY doublet is almost isotropic (cf. table 3) which can be under-
stood quantitatively if the stronger component (I = 0.23 ± 0.05) is a stretched E2 
transition with a large positive anisotropy (A 2 0.30) and if the weaker one 
(I = 0.09±0.02) has M1(+E2) character with a large negative anisotropy 
(A 2 	—0.71) as found in the case of the 148.8 keV transition. The two components 
of the 257.1 keY doublet were assigned as the 	crossover transition and 
the 	-+ 	cascade transition; their intensities were determined from the coin- 2 2 
cidence spectra. 
In the coincidence spectrum gated on the 365 keV doublet the gating transition 
vanished indicating that the two components are not in coincidence. In the angular 
distribution measurement (cf. table 3) this doublet was partially resolved. Both 
components of 364.6 and 365.3 keV have a positive anisotropy and they have 
been assigned as the 2I+ and - crossover transitions. 
The upper coincidence spectrum of fig. 7 has been gated on the 599.9 keV 
doublet. Again the gating transition does not vanish so that both components are 
in coincidence. Considering also the angular distribution results (cf. table 3) they 
have been assigned as the 33+  - and .. transitions. The 586.6 keV line 
 37+ appearing strongly in this coincidence spectrum was assigned as 	_+ 4F transi- 
tion. 
The placement of the transitions in the level scheme of the mixed positive-parity 
band as derived from the coincidence relations is supported by energy sums of 
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cascade and crossover transitions, by the angular distribution results as given in 
table 3 and by the fact that all states decay prompt within the experimental limit 
of 2.2 ns. 
The 222.9 and 74.0 keV transitions were assigned to feed the 121+ state rather then 
the 	isomeric state for the following reason: The Coriolis mixing of mainly the 
[624] and the 	[633] configurations of the i.V neutron orbital in this band is 
expected to cause a shift of the 	, 12 + , 	states to higher excitation energies 
with respect to those of the .i1+ 121+ 221± ... states. This staggering effect has 
been well established in the corresponding band of the isotonic nucleus ' 79W 
[refs. 27, 28)] In the mixed positive-parity band of ' 81 0s a strong staggering effect 
is clearly visible. In order to obtain the spin assignments predicted from Coriolis 
mixing calculations it is necessary to assume the existence of an 121+ r transition. 
The spin assignment obtained in this way (cf. fig. 6) is strongly supported by the fact 
thatthe2 23+31+ _ 27+ and 31+  transitions are much less intense than 
the 221+ 2+ 121+ 2+  and - transitions, respectively, implying that 
the 221+, 11+ and 2+  states are shifted upwards in energy so that they lie above the 
yrast line and are therefore not populated so strongly in the ('x, xn) reaction. 
The + _ 	and 13+ __9+   11 	transitions have not been observed in the present 
experiments. The 21+ 	+ transition is expected to be of weak intensity since most 
of the intensity goes through the 74.0 keV iL+ transition. The 121+ 
transition is expected to have an energy less than 74 keY and possibly escaped 
detection due to its strong conversion. 
The 116.0, 137.1 and 252.5 keY lines assigned by Kawakami etal. 2 6 ) as low-lying 
transitions of the mixed positive-parity band were not observed in our coincidence 
measurements; it should be noted, however, that their assignments were deduced 
without the aid of coincidence measurements. 
In the three lower coincidence spectra of fig. 7 four lines of 130.8, 204.0, 214.7 and 
229.6 keV appear additionally forming a cascade. It could not be decided whether 
they feed into the 121+ or state since they are in coincidence with the 365 keV 
doublet (cf. fig. 7). The angular distributions of all these four transitions have 
negative anisotropies (cf. table 3) indicating that they are of dipole character. In the 
isotone 177Hf a K = 221 +  band based on an isomeric three-quasiparticle state is 
known to decay into the member of the mixed positive-parity band 29).  This 
interpretation seems not to apply, however, in our case since all the four transitions 
are prompt within the experiment limit of 2.2 ns. 
3.2.2. The [514] band. The [514] band was unambiguously identified up to 
121 -  from the study of our y-y coincidence spectra. The analysis of the coincidence 
spectra gated on members of this band was straightforward. The level scheme of this 
band can be seen in fig. 6. The assignments given are supported from angular 
distribution measurements (cf. table 3), although the interpretation of the angular 
distribution data for the 148.4, 434.3, 464.1 and 547.6 keY lines was complicated 
since they form doublets with lines from the other two bands in 181 0s and for the 
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512.5 keV line since it is superimposed by the annihilation radiation. The timing 
measurement showed that all states decay prompt within the experimental limit of 
2.2ns. 
The present results for the 	[514] band confirm the assignments given by 
Kawakami et al. 26)  who studied this band up to 	. A similar band has also been 
found in the isotonic nucleus ' 79W [refs. 27, 28)] 
3.2.3. The [521] band. From the present y-y coincidence study a cascade of eight 
transitions was found which does not feed into any of the other bands found in 18105. 
The order of these transitions as given in the level scheme of fig. 6 was unambiguously 
determined from the coincidence data. The angular distribution measurements 
yielded stretched E2 character for all transitions (cf. table 3), except for the 393.8 keV 
transition, the angular distribution of which could not be determined since this line 
was superimposed by the 6 ' 4 ' transition in 182 0s. In the timing experiments 
all members of this cascade were found to decay prompt within the experimental limit 
of 2.2 ns. 
From the measurement of the excitation function it was found that the intensities of 
the transitions belonging to this additional cascade depend in the same way on the 
bombarding energy as the intensities of the other transitions in 18105.  Furthermore 
the radioactive decay of 181 1r which was produced using the (, 8n) reaction at 
E = 103 MeY, was studied. The 102.7 keY member of the above mentioned band 
has been observed to be in coincidence with the Os X-rays. Combining these two 
results it was concluded that this band belongs to 181 
A similar band is known to exist in 179W [refs. 27, 28)] which was identified as 
[521] band. The 3 and states, and states, etc. of this band in 179W 
lie very close together indicating that the decoupling parameter of this band is very 
large 27),  a feature characteristic of a 1' - [521]  band. Because of the similarity of 
the level schemes of ' 79W and 181 0s the additional band in "'Os was assigned as 
4[521] band based on the T isomeric state of half-life T = 105 min known to 
33— exist in 	[ref. 20)].  The band was observed up to the -- state. The spin-parity 
assignments are given in parenthesis in the level scheme of fig. 6 since a conclusive 
proof for the identification of this band as [521] band is lacking. This is mainly 
due to the fact that the , , . . . members of this band have not been observed 
in the present experiments. The intensities of the transitions between these states 
fall below our detection limit which means that these y-rays are by at least a factor 
of three less intense than the transitions observed between the , , , ... states. 
This result is consistent with findings for the 4[521] band of the nucleus ' 79W 
[ref. 27)] 
No transition between the band heads of the [521] and [514] bands was 
found. It is assumed that both states decay almost completely into "'Re. It could 
not be determined which of both states is the ground state. 
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3.3. THE NUCLEUS 1830s 
Prior to our investigation the nucleus 1830s has been studied in-beam by Lind-
blad et al. 30)  using the (, 3n) reaction. They observed the mixed positive-panty ii 
131 neutron band up to 2- . In the present investigation the nucleus 183Ø  has been 
studied to very high-spin states in order to obtain information about its backbending 
behaviour. The level scheme resulting from our work is shown in fig. 8 and the 
experimental results for the y-transitions consisting of y-ray energies, relative 
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Fig. 8. Level schemes of 1830s and ' 840s. The band in 1130S  is a mixed positive-panty i 1312 neutron band. 
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in table 4. The angular distribution measurement for ' 830s has been described in 
detail previously 17). 
The level scheme shown in fig. 8 is derived from y-y coincidence measurements. 
Three y-y coincidence spectra are shown in fig. 9. The lowest coincidence spectrum 
was gated on the 491 keY line which is known to be a doublet 30),  consisting of 
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Fig. 9. Background-corrected y-y coincidence spectra gated on transitions in 1830s. Only transitions 
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the 23+ __ 19+ and 25+ __ 21+ transitions. Due to this fact all transitions of the 
mixed positive-parity band in 1830s appear in this coincidence spectrum except 
for the 304.5 keY transition. In the middle coincidence spectrum gated on the 
574.5 keY 2i transition the 588.2, 677.3 and 756.6 keY lines vanish. The 
remaining 656.7, 729.7 and 776.6 keV lines are assigned to be the transitions of 
the and cascade. In the coincidence spectra gated on the 729.7 and 
776.6 keY members of this cascade an additional transition of 534.1 keV appears 
weakly as can be seen in the upper coincidence spectrum of fig. 9 gated on the 776.6 
keV transition. The very weak peak around 610 keY in this coincidence spectrum is 
not present in the coincidence spectrum gated on the 729.7 keY line. In the singles 
spectra of the angular distribution measurements the 534.1 keY line was super-
imposed by the 534.0 keY 10 - 8 and 12 - 10 doublet in 1820s [refs. 2)]. 
The angular distribution of the 534.1 keV line was therefore determined from a 
measurement using the 186W(c xn) reaction at 75 MeV to minimize the contribution 
Of 1820s Considering the intensity distribution of the g.s.b. transitions in 18205 
as a function of spin in this experiment it was found that the 534.1 keV transition 
of 1830s has (30 ± 15)% of the total intensity of this peak. The angular distribution 
coefficients given in table 4 for the 534.1 keV transition have been corrected for the 
contribution of the 10 -+ 8 and 12 -* 10 doublet in 182 0s the angular distri-
bution coefficients of which have been taken from ref. 1).  The 534.1 keY line has a 
positive anisotropy which is characteristic of stretched E2 transitions and it has been 
tentatively assigned as the transition in 1830s 
All other assignments derived from the coincidence data are unambiguous and are 
supported from the angular distribution measurements (cf. table 4) and from the 
timing results which indicate that all transitions decay prompt within the experi-
mental limit of 2.2 ns. 
34. THE NUCLEUS 1840s 
The nucleus 1840s has recently been studied in-beam by various groups 2, 31, 32) 
using (p, 2n), (p, 4n), (ci, 2n) and (ce, 4n) reactions. The g.s.b. was established 
definitely up to 14 [ref. 2)].  Furthermore a y-band was established definitely up 
to 5 [refs. 31, 32)] and an octupole band was established definitely up to 5 
[ref. 32)].  In the present investigation we used the (ce, 6n) reaction to populate the 
g.s.b. in 1840s up to higher spin states in order to confirm the backbending 
behaviour established by Warner et al. 2). 
A partial level scheme as derived from our y-y  coincidence measurement is shown 
in fig. 8. The g.s.b. of 1840s could be extended unambiguously up to the 22 state. 
In addition to the g.s.b. a sequence of high-spin states with spin-parity assignments 
14, (16) and (18 k) was found. The relative intensities, angular distribution 
coefficients and multipole assignments for the transitions are given in table 5. 
A 14 assignment was unambiguously given to the lowest-lying member of the 
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TABLE 5 
The 1840s y-ray energies, relative transition intensities and angular distribution coefficients in the 
186W(, 6n) reaction at E. = 75 MeV 
E, (keY) 0) Transition I. A 21A O A 41A O Multipolarity 
119.8 2 	- 	 0+ 1.00±0.07 0.08±0.02 -0.06±0.03 E2 
263.9 4 . 	 2. 0.98±0.07 0.21+0.02 -0.07±0.03 E2 
390.1 6. 	-o 	4' 0.77±0.05 0.24±0.02 -0.08±0.03 E2 
430.8 16' 	-. 14' 0.04±0.01 0.30±0.06 -0.07±0.09 E2 
500.4 8 	-o 	6 0.49±0.04 0.26±0.02 -0.08±0.03 E2 
529.3 16' 	-o 14' 0.05±0.01 0.31+0.05 -0.11+0.07 E2 
557.6 18 	-o 16 ° 0.06±0.03 b) 0.19±0.06 b) -0.01 ±0.09 
b) E2 
596.2 10 + 	8 0.28±0.03 0.33±0.02 -0.10±0.03 E2 
651.5 20 	-, 18 0.02±0.01 0.33±0.09 -0.01+0.14 E2 
675.9 12 	-o 10 0.24±0.02 0.31+0.02 -0.13±0.03 E2 
686.2 (16" 	-o 14 . ) 0.02±0.01 0.48±0. 10 -0:11 ±0.15 E2 
713.1 14 	- 	 12 0.12±0,02 0.26±0.03 -0.10±0.05 
740.0 22 	-+ 20 ° 0.01+0.005 0.36±0. 1 3 -0.04±0.19 E2 
753.6 (18 k 	-+ 16) 0.02±0.01 0.45±0. 13  0.01+0.19 E2 
784.4 (16'F) o  14 ° 0.03±0.01 0.20±0.08 0.06±0.12 E2 
810.8 14 	-o 12 0.05±0.01 0.30±0.05 -0.10±0.07 E2 
0)  y-energies accurate to ±0.3 keV 
b) Line contains contamination. 
additional sequence of high-spin states from consideration of the fact that this state 
is excited by the 430.8 keV transition from the 16 member of the g.s.b. and that it 
decays by the 810.8 keY transition into the 12 state of the g.s.b. From the angular 
distribution measurement stretched E2 character for both transitions was deduced. 
The order of the 430.8 and 810.8 keV transitions was derived from intensity 
relations in the relevant coincidence spectra. The assignment of the other two 
members ofthis sequence as (16 k ) and (18) states was derived from the positive 
anisotropy of the 753.6 and 784.4 keV transitions. This assignment is considered 
less certain since it could not be confirmed by the observation of additional 
transitions. The existence of a transition of 686.2 keV between the (16 k ) and 14 
levels could not definitely be established from the coincidence spectra because of its 
weak intensity. This line appears in the singles spectra, however, and has the positive 
anisotropy characteristic of stretched E2 transitions (cf. table 5). This 686.2 keY 
transition was, therefore, tentatively assigned as (16k) - 14'° transition. The 14k, 
(16) and (18) states are considered to form a side band. 
All g.s.b. transitions in 1840s have a large positive anisotropy as required for 
stretched E2 transitions. In the timing experiments all 'the y-transitions of 1840s 
reported here decay prompt within the experimental limit of 2.2 ns. 
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4. Discussion 
Bands of different character have been observed in "'Re. Two bands of 
and [402] configuration and a decoupled'band were found. In the lower portion 
of fig. 10 (E1 - E1 - 1)121  is plotted versus j2  for the states of angular momentum I for 
the t[514]  and [402] bands. In the framework of the strong coupling scheme a 
straight line is expected in such a plot 29).  For the[402] and t[514]  bands 
slanting lines are obtained. The slope can be explained by an increase of the moment 
of inertia with angular momentum 33).  It can be seen in fig. 10 that deviations from 
straight lines are small indicating that these two bands can be described by the strong 
coupling model. In the upper portion of fig. 10 the ratio of transition energies of 
transitions in the decoupled band of 181  Re and the mean-value of the corresponding 
ones in the g.s.b. of the neighbouring even-mass nuclei ' 80W and 1820s is plotted 
against angular momentum I. It can be seen that above I = 4 the h 1 proton is 
almost completely decoupled from the core since the energy ratio is close to 1.0, 
a value 'predicted from the rotation-alignment model for complete alignment. Be-
yond 11= 10 the ratio starts to increase due to the fact that the g.s.b. in ' 820s 
E 1.- E12 	
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E 1 - E12 
If. '1 \ , Pted band 
:  
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Fig. 10. The upper portion shows the ratio of 
transition energies of transitions in the decoupled 
band of "'Re and the mean value of the 
corresponding ones in the g.s.b. of the neigh- 
bourilig even-mass nuclei' 180W and 182Ø as a 
function of angular momentum. The lower por- 
tion shows the transition energies of transitions 
in the strongly coupled[4O2] and 	[514] 
bands divided by twice the angular momentum 
I as a function of P .  
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Fig. 11. Transition energies of transitions in the 
[514] and the mixed positive-parity bands in 
81 0s divided by twice the angular momentum 
I as a function of 12 
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shows backbending. The existence of a well developed decoupled band based on the 
h* proton orbital is somewhat surprising since a mixing with the close lying pro-
ton orbital might be expected. It would be worthwhile to perform a detailed theo-
retical calculation to clear up this problem. 
J 181 	a [514] band, a K = band of configuration [521] with a large 
decoupling parameter and a mixed positive-parity iii neutron band were found. In 
fig. 11 (E1 - E1 - )/2I is plotted versus j2  for the states of angular momentum I for 
the [514] band and the mixed band. The mixed positive-parity band shows a 
strong staggering effect indicating that a strong Coriolis mixing exists. The mixed 
positive-parity band is anticipated to consist predominantly of the [624] and 
[633] configurations because of the similarity with the corresponding band of the 
isotone 179W [refs. 27, 28)]. The [514] band, on the contrary, shows negligible 
staggering so that this band can be considered as a well developed strongly coupled 
band. The mixed positive-parity band observed in ' 830s shows also a strong 
staggering effect as can be seen from the level scheme of fig. 8. 
Backbending plots have been made for the rotational bands observed in the nuclei 
18 'Re and 181840s and are shown in fig. 12. The purpose was to draw con-
clusions about the cause of backbending in the Os region. The moment of inertia 0 
and the rotational frequency w were deduced from energy spacings between rotational 
states of angular momenta I and 1-2 using appropriate definitions for (i) the g.s.b. 
of even-mass nuclei, (ii) the decoupled and mixed bands and (iii) the strongly coupled 
bands. For the g.s.b., as usual, the Stockholm definition 3)  was used 
20 - 41-2 
- E1 —E 1 . 2 ' 
h2w2 = (12 	
(E1 E12)2
1+1) (21_l)2 
In order to determine the backbending curves for the decoupled band in 181 and 
the decoupled K = 1 band in 181 the angular momentum I is replaced by I—f 
in these formulas, where  is the angular momentum of the shell-model orbit. This is 
suggested by the rotation-alignment model since the extra particle of angular 
momentum j does not take part in the rotation of the core 
3).  The same approach 
can be used in good approximation for the ...sequences of the mixed 
positive-parity bands in 181, 183 Os although the decoupling is not complete. For the 
strongly coupled [514] and [402] bands in 181 	and for the [514] band in 
the rotational frequency hw can be obtained from the cranking theory 	
34), 
assuming that the nucleus rotates around the x-axis, so that the rotational frequency 
is given by hco = dE/d<I>. The expectation value for the angular momentum is for 
1> K [refs . 33, 34)] 
<Ix> = .,/i(I+l)—K2, 
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From this equation the square of the rotational frequency for strongly coupled bands 
in odd-mass nuclei can be determined using the procedure suggested by Johnson 
et al. 35)  for even-mass nuclei. Using the energy relation for strongly coupled 
rotational bands, E1 = (h2/20) (1(1+ 1)—K 2), one obtains 
h 2 w 2  = (12 _I+ 1—K2) (El —E1_2)2
(21_1)2 
This expression has been used in the present work to determine the rotational 
frequency in case of strong coupling. 
For each of the nuclei 	and 18118405  the backbending curves were plotted 
separately in fig. 12. The plots are arranged according to the neutron and proton 
number of these nuclei. In the odd-neutron nucleus 181 0s the ij.3 mixed positive-
parity band and the [521] band display backbending and the [514] band 
shows upbending as can be seen in fig. 12. The backbending behaviour of the iii 
neutron band in 181 0s and of the g.s.b. in 1820s is very similar. The it. band in ' 81 0s 
starts to bend back at the spin I = corresponding to the critical angular momentum 
of I = 10 observed in the g.s.b. of 1820s For the interpretation of the backbending 
behaviour in the g.s.b. of 182 0s it is of special importance that the mixed positive-
parity band based on the i-Y  neutron orbital in 181 0s shows backbending. This 
result contradicts the assumption that the ii1 neutrons are responsible for the 
backbending effect observed in the g.s.b. of 1820s. If the i&. neutrons would produce 
the backbending in 182 0s then the blocking of an iia state in 181 0s should hinder 
the decoupling of the it neutron pair so that the mixed band should not backbend 
as it is the case for the odd-neutron Er and Dy nuclei . ). Therefore, we conclude 
that the backbending effect observed in 1820s is not due to the iq  neutrons. The 
fact that the +[521]  and 7[514] bands show backbending and upbending, 
respectively, indicates that the blocking of members of the corresponding p and f 
neutron orbitals has no influence on the backbending behaviour of the core. This is 
expected since low-f orbitals are not supposed to be responsible for the backbending 
effect. It is interesting to note that the f [521] band has a much smaller critical 
rotational frequency than the other two bands. The critical angular momentum 
I of the 1[521] band, however, corresponds as expected to a value of 
I = 10 as found for the g.s.b. in 1820s. 
From the results for the odd-proton nucleus "'Re further conclusions about 
the backbending effect in 1820s can be obtained. It can be seen in fig. 12 that the 
strongly coupled [402] and [514] bands show upbending and backbending, 
respectively. The backbending curves for these two bands are very similar to those 
u27[5211 
mixed band 
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Fig. 12. Backbending plots for the bands observed in ' 81 ' 840s and "'Re. Transitions, the assignment of which is less certain, are connected by 
dashed lines. 
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of the g.s.b. in 1820s. The decoupled band in "'Re, however, does not show back- 
bending up to I = 	a spin which lies sufficiently high above the critical angular 
momentum of I as obtained from comparison with "'Os. The different back- 
bending behaviour of the three bands in 	can be explained considering the 
blocking effect. The fact that the [514] and [402] bands show backbending and 
upbending, respectively, indicates that the backbending behaviour of the core is 
not affected by the blocking of members of the corresponding h. and d j proton 
orbitals. This is due to the fact that the Coriolis matrix element is small for these 
bands as expected since the d j shell has a low value off and the h V, shell, where j is 
large, is almost filled so that Q is also large. For the decoupled band, however, for 
which the Q = I member of the h 1 proton shell is blocked evidently the backbending 
is hindered. It has to be concluded, therefore, that the h t protons are responsible 
for the backbending effect in "'Os.  
The mixed positive-parity band in 18305  shows probably also backbending as can 
be seen in fig. 12. It should be mentioned, however, that the highest point which 
corresponds to the 534.1 keV line in "'Os could not unambiguously be assigned to 
be the .... transition. If this assignment is accepted then it can be con-
cluded that also in "'Os the backbending effect is not due to the i neutrons. One 
may conclude, therefore, that also in 184Ø  the h*  protons produce the backbending 
behaviour. Stronger support for this conclusion could be obtained by investigation 
of the odd-proton nuclei 183  Re or ' 851r. From the backbending plots of fig. 12 it can 
be seen that the backbending behaviour of the nucleus ' 840s is different from that 
of the nucleus "'Os. In ' 840s the critical angular momentum is I = 14 but I = 10 
for ' 820s and the square of the critical rotational frequency is for ' 840s about a 
factor of two larger than for ' 820s. However, the maximum value of the moment 
of inertia reached for the g.s.b. of ' 840s is 125 MeV' which is very similar to the 
value of 132 MeV found for ' 820s [ref. 
')]. 
The different behaviour of these two 
nuclei may indicate that more than one effect should be considered in order to 
explain the backbending behaviour of all the Os nuclei. An interesting result is that 
the mixed positive-parity band based on the iy neutron orbital in ' 810s has a 
similar backbending behaviour as 1820s while that of 1830s is comparable to that 
00 8,0s. 
From the evidence presented here we conclude that the backbending effect in 1820s 
and very likely also in ' 840s can be explained in the framework of the rotation-
alignment model by decoupling of a pair of h*  protons. 
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Abstract: Gamma-ray transitions in ' 92 0s have been studied following twofold neutron capture on ' 900s 
Precise )-ray energies have been obtained with the use of bent crystal spectrometers. The thermal 
capture cross section on the "' Os ground state (T, 12 = 15d) has been determined to be 383 ± 54 b. 
A level scheme has been constructed. With the use of branching ratio and population systématics 
arguments these levels are assigned to various rotational bands whose character is discussed in 
terms of the transition occurring in the region between the 0(6) limit of the interacting boson 
approximation model and the symmetric rotor. 
E NUCLEAR REACTIONS ' 9 '0s(n, y), E = th; measured a(E), E, !. ' 920s deduced 
levels, K, i, it. Two-neutron capture on enriched ' 900s target, bent-crystal spectrometer. 
1. Introduction 
The nucleus ' 920s occupies a central position in the complex transitional region 
occurring between the deformed rare earth nuclei and the spherical nuclei near lead. 
Experimental 1. 2) and theoretical 35)  work in recent years suggests that it is 
moderately prOlate deformed and axially asymmetric; whether it is of a triaxial 
(y-rigid) or y-unstable character is not well understood. It is also likely 6.7)  that 
hexadecapole degrees of freedom play an important role. With the recent development 
of the interacting boson approximation (IBA) model 8.9)  and its applicability to this 
region 9),  it is therefore of renewed interest to study the levels and y-ray transitions in 
1920s from this alternate perspective. 
We present here a study of y-ray transitions in 192 0s observed following twofold 
thermal neutron capture on 1900s. This process is observable due to the high flux 
of the Institut Laue-Langevin reactor, where the experiments were performed, 
coupled with the high thermal capture cross section (deduced here) of the inter-
mediate nucleus, ' 91 0s. 
Permanent address: Kern forschungsanlage, Jülich, 5170 Mich, Germany. 
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2. Experimental results 
2.1. PROCEDURES AND RESULTS: y-RAYS IN 192 0s 
An enriched ' 900s target was inserted near the reactor core, in a flux of 
5.5 x iO' n/cm 2  sec. The target consisted of 92.5 mg of osmium metal powder 
sandwiched in a laminar Al support. The y-rays were observed with the precision 
bent crystal spectrometer GAMS I. This device diffracts y-rays in any of several 
orders of reflection. The Bragg-diffracted y-rays were detected in NaT detectors. 
The diffraction angle is monitored with a laser-operated interferometer whereby a 
given number of interference maxima and minima can be related to a corresponding 
diffraction angle and thereby to a specific energy. Windows set on the Nal detector 
output similtaneously record the first five orders of reflection which are measured 
in parallel. A control crystal continually observes y-rays or X-ray lines from a pre-
selected transition diffracted onto a second Na! detector. Small movements of the 
source position or geometry are reflected in movements of this control peak. This 
provides a small correction to measured angular positions which is introduced during 
the analysis stage. Further details of the experimental arrangement are provided in 
ref. 10) 
The spectra were recorded over an effective energy range from 50-700keV with 
y-rays in the energy range 138-580 keV observable in three or more orders of reflec-
tion. The spectra were analyzed off-line with automatic and interactive peak fitting 
routines and internally calibrated using the fact that a y-ray must be assigned the same 
energy in each order in which it is observed. Absolute calibration was provided by 
relating to the 205 keV 2' -+ Ot transition in ' 920s [ref. 
11)]. The energy deduced 
in ref. 11)  is 205.79549 ± 0.00007 keV. The adopted calibration scale is accurate to 
the quoted accuracy of the standard 11). In table I, where the data for ' 920s are 
summarized, the energy uncertainties range from 4 to 40 eV and include both the 
calibration uncertainties as well as those due to statistical and systematic errors. 
The relative spectrometer efficiency was determined internally for each order of 
reflection by using the known 12, 13) relative intensities of strong y-rays from ' 91 0s. 
This procedure automatically corrects for the large self-absorption in the target, 
which is viewed end-on. 
The GAMS I spectrometer operates in a scanning mode, sequentially incrementing 
the angle, and hence the detected y-ray energy over a predetermined time period. 
During a scan a given y-ray is observed, at different times, in several orders of reflec-
tion. Furthermore the entire spectrum can be repeated. Thus, in addition to y-ray 
energies, the measurements provide information on the time dependence of y-ray 
intensities. Since intensities of prompt y-ray transitions following single-neutron 
capture are constant or decrease with time whereas those following sequential 
neutron capture grow with time, such information can provide nuclide identification 
as well. Fig. I presents a small portion of a spectrum showing a number of lines 
from ' 91 0s along with some lines from 1920s. From the fact that the strong 19 10s 
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TABLE I 
Results for the ' 900s(n+n, y)' 92 0s reaction at thermal neutron energies ) 
E5(AE) (keV) I(zlJ,) E j E1 
201.315(5) 7.9(8) 690 489 
205.79549 100 205 0 
218.489(14) 0.60(25) 1361 1143 
219.244(60) 0.78(39) 909 690 
233.920(69) 1.1(5) 1143 909 
271.602(10) 9.0(9) 1340 1069 
283.268(4) 28(3) 489 205 
292.480(8) 6.3(7) 1361 1069 
329.312(9) 7.9(8) 909 580 
374.489(7) 55(6) 580 205 
379.156(10) 19(2) 1069 690 
420.532(10) 25(3) 909 489 
453.101(27) 18(2) 1143 690 
484.554(18) 46(5) 690 205 
489.040(40) 52(5) 489 0 
555.593(100) 5.9(10) 1465 909 
580.391(100) 26(6) 1069 489 
452 6.8bc) 1361 909 
563.2 3.9bc) 1143 580 
650.7 4.1(7)  d , c) 1341 690 
703.5 l.7) 909 205 
852.0 I5.4(19)iC) 1341 489 
1135.2 41(7)d.c) 1341 205 
C) 
 Uncertainties are given in parentheses on the last digit. Gamma-ray energies are measured energies. 
Transition/energies, corrected for recoil, would be from 0.25 to 1 eV higher. Intensities are y-ray intensities 
unless transition intensities are specifically noted. The upper part contains the transitions observed 
here, the lower part those previously known but which were too weak or too high in energy to be observed 
in the present study. 
b)  Approximate total transition intensities. From ref. 15)  where no uncertainties are listed. 
C)  Normalized to the intensity scale of the upper part of the table. 
d)  From ref. 16) 
y-ray lines shown are among the strongest 12.13)  in thermal capture, it is evident 
that the ' 92 0s lines are indeed rather intense: This reflects the large ' 91 0s capture 
cross section (see subsect. 2.2). 
The time dependence of the 1920s y-rays is shown in fig. 2. To keep the figure 
less cluttered, error bars are not shown: they are ~ 10 % in almost all cases. It is 
evident that, to good accuracy, all the y-rays have the same time dependence. Neutron 
capture on 'Os can proceed from either the ground state 
(, T. = 15 d) or the 
isomer(, T4 = 13 h) at 74 keV. Since a wide variety of final state spins are involved 
in the 1920s y-rays shown in fig. 2, comparable cross sections from the two I91Ø 
capturing states would lead to radically different growth curves: the fact that this is 
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Fig, I. Small portion of spectra in two orders of reflection following single and double neutron capture 
on a target of i900 The principal peaks are labelled by y-ray energy. Those energies which are underlined 
refer to transitions in 1920s; the others belong to ' 91 0s Note that the ordinates are rather compressed 
logarithmic scales. The abscissa, here designated as an arbitrary number of fringes, is a measurement of 
angular position which is related through the Bragg formula to wavelength, and hence to y-ray energy. 
While y-rays in ' 91 0s are constant in intensity, those in 192  Os are not the only 
ones with time-dependent growth. The decay of those ' 91 0s nuclei that do not undergo 
neutron capture leads to ' 91 1r which can undergo neutron capture to form 192 1r. 
This process has essentially the same time dependence as that leading to ' 920s. 
The ' 92 1r y-rays, however, are well known from previous detailed bent crystal 
(n, y) studies 14)  and so pose no problem. The subsequent 192 1r(n, y)' 93 1r reaction 
has a 924 b thermal capture cross section and would produce y-rays with a very steep 
time dependence. Only the 219.16 keV line has the proper growth curve to originate 
from this source. This is reasonable since this transition originates in a high spin level 
in ' 93 1r and the ' 92 1r ground state also has high spin. Other y-rays in ' 93 1r are ob-
served, with a much flatter growth curve, and originate from the fl-decay of 193Os. 
(A very small contribution to the 219.16 keY line also arises from that source.) 
The weakness of the ' 93 1r lines at early times permits the detection of a v-ray at 
219.244±0.060 keV twice (once tentatively) in the first 120 hours. These two ob-
servations have the correct time dependence for a line in 1920s. The intensities ob-
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Fig. 2. Time dependence of p-rays in ' 92 0s. The zero of the time scale corresponds to the insertion time of 
the sample in the reactor. The lines are drawn to guide the eye through the experimental points. Partial 
dashed lines are used for the 218, 233 and 555 keV y-rays since insufficient information is available to 
establish a reliable time dependence. The topmost curve is calculated with the code BURNUP and is 
arbitrarily normalized for visual convenience. 
as the important 909-690 keV 4 - 3 jf  transition. Due to the difficulties in extracting 
information on this line, it is not used later in determining the adopted 19205  level 
energies. 
In table 1 we tabulate the results for y-rays in 1920s. In the lower part we list those 
known 7-rays which involve levels populated here but which were either too weak or 
too high in energy to be observed in the present work. 
2.2. THE ' 91 0s CAPTURE CROSS SECTION 
The thermal capture cross section of ' 91 0s may be determined from these data if 
one makes the reasonable assumption that most of the (n, y) population in 1920s 
feeds through the 2' state. This is certainly expected, and is found to be universally 
true in neighboring Os and Pt nuclei 17.18),  where typically the 2 -* Ojf transition 
intensity is 70-90 °V per neutron capture. We adopt a mean value of (80 ± 10) % for 
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the 205 keV transition intensity (including contributions from internal conversion). 
As noted above there are two routes to 192 0s, via the ' 91 0s ground state and via 
the isomer but only one route appears to contribute noticeably to the capture process. 
Due to the short life (T. = 13 h) of the ' 91 0s isomer it can only contribute signifi-
cantly if the thermal capture cross section on it is very large 1000 b). However, in 
this case, the growth curves would saturate within the first few days, in contrast to 
the continuing growth evident in fig. 2. A smaller isomeric cross section would only 
show up as a disagreement between the experimental growth curves at very early 
times and those calculated assuming capture from the ground state alone. This is not 
in evidence and we therefore conclude that only the ground state of " 'Os  has a large 
capture cross section. 
To extract this value, we utilize the empirical ratio of ' 920s activity to ' 91 1r and 
"'Os activities. The intensity ratio of transitions in 192 following neutron capture 
-to ' 91 1r lines from the decay of ' 91 0s is in particular a direct measure of the ' 91 Os 
cross section: Equal activities would imply the cross sectional equivalent of the 
15 d ' 91 0s half-life which, for a flux of 5.5 x 10' n/cm 2 sec, is 972 b. In fact, the 
ratio of activities is 0.416±0.062 yielding a cross section of 404±60 b. 
The alternate determination involving ' 91 0s activity is subject to greater uncertain-
ties. We have calculated the relative yields of ' 91 0s and 192 0s (as well as of the other 
isotopes in the chain) using the code BURNUP 19)  which solves the Bateman equa-
tions as a function of time for sequential and coupled fl-decays and neutron capture 
steps. The ratio of ' 91 0s to 192  Os activities leads to a cross section 300 b. Taking a 
weighted average of these results gives our adopted vaixe for the thermal neutron 
capture cross section on the ' 91 0s ground state of 383±54 b. 
Using this cross section we again utilize BURNUP to calculate the predicted time 
dependence of 192 0s y-rays. This prediction is shown as the dashed line in fig. 2 
which we have conveniently normalized to lie close to the curve for the strong 205 keV 
y-ray. 
As is evident the agreement is excellent, with, in particular, no hint of deviations 
at early times, confirming our earlier statement that capture on the ' 91 Os isomer is 
an unimportant factor in these measurements. 
2.3. LEVEL SCHEME 
The y-rays from 1920s have been assembled, using known 	1620_22) level 
energies and the Ritz combination principle, into the level scheme shown in fig. 3. 
Dashed transitions indicate y-rays unobserved in the present work but known from 
earlier studies. The arrows widths and listed intensities are those for y-ray intensities. 
The level energies have been deduced only from the present precisely measured y-ray 
lines and include corrections for recoil in converting from y-ray to transition energies. 
(The energies shown on y-ray transitions in fig. 3 are observed y-ray energies.) 
The 580 keV line, though relatively strong in the level scheme, is in a region of rapidly 
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Fig. 3. Level scheme for ' 92 0s. On each transition arrow is given the energy and relative 7-ray intensity. 
Dashed arrows are not tentative, but refer to known transitions not observed in the present work. The 
spin assignments are discussed in the text. 
falling GAMS 1 efficiency and hence is rather weak in the spectra. It is not used in 
determining the ' 920s level energies. The 555 keY line also falls into this category 
but of necessity must be used to establish the 1465 keY level energy, albeit with large 
errors. 
The previously known level scheme of 1920s is based primarily on Coulomb 
excitation data 20),  decay 21.22)  of 192 1r, inelastic proton and deuteron scattering 
experiments 16)  and, for levels above 1 MeV, primarily on unpublished data quoted in 
ref. 15).  The present level scheme is consistent with these earlier determinations and 
confirms many aspects of the unpublished scheme quoted in ref. 15)  We suggest, 
however, a revised spin for the 1362 keV level and observe a transition from the 
909 keV state to the 690 keY state, which will be seen later to be of some importance. 
The recently suggested 16)  3 level at 1341 keV was confirmed by observation of 
the 271 keV decay branch. The present data are the first study of y-ray transitions in 
19205 following neutron capture. Certain unique characteristics of the capture 
process (see below) may be utilized to provide information on the level structure of 
this nucleus. 
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2.4. POPULATION SYSTEMATICS 
Although the population process of low-lying levels from the capture state via 
cascade transitions is dominated by statistical considerations there are usually a 
sufficient number of routes to any given low level that one might expect certain types 
of averaging or systematic features to appear in the populations. 
Indeed, given a purely statistical process, elementary considerations show, and 
detailed calculations bear this out, that the populations will peak for low-lying levels 
with spins near that of the capture state and fall off on either side of this value, but 
slower on the low spin side. 
This has been used elegantly by Coceva et al. 23)  in recent years to deduce level 
spins by utilizing the ratio of population of a level following resonance capture in 
capturing states of two different spins. Clearly, if one forms the ratio of populations 
P /P < ,where .J (J .) refers to the larger (smaller) capture state spin, one expects 
this ratio to increase monotonically with final state spin as long as J f > J. A variant 
of this technique was used by Breitig et al. 24,25) in 
200,202  Hg, where populations 
were plotted versus excitation energy. It was found that populations of states of the 
same spin fell on straight lines (when plotted semi-logarithmically) and that the lines 
for different spins were displaced relative to one another. The technique was used 
to aid in spin determinations. 
These ideas, however, do not work in deformed nuclei where the non-statistically 
distributed matrix elements (both intraband and interband) significantly perturb the 
populations. Macphail et al. 26) showed, however, that the breakdown of the 
statistical behavior was only partial: that is, population of a given level occurred as 
predicted when comparing populations in different resonances but behaved non- 
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Fig. 4. Population systematics for ' 920s. The points are obtained by summing the y-tay intensity 
deexciting each level and by adding a calculated correction for the intensity proceeding from internal 
conversion assuming pure E2 multipolarities. The levels are labelled by spin and, for convenience, by the 
conventional labels for ground and y-bands. The lines are drawn to connect states belonging to the 
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statistically relative to other levels. The smooth population curves found in 200, 202Hg 
are completely obscured 26.27  ) by non-statistical effects in nuclei such as 172 Yb, 1S4\,1 and ' 88 ' 1900s. However, a new simplification was found 26)  if, instead of 
connecting levels of the same spin, states belonging to the same rotational band were 
connected. Then parallel curves, displaced depending on the band, emerged from 
exactly the same populations. The slopes of the curves depended on capture state 
spins, being less for higher J. 
We apply these ideas to 1920s in fig. 4, which is constructed identically to the plots 
in ref. 26) except that primary populations, being unknown, are not subtracted. 
In deformed nuclei this should not make a large difference. 
The results are encouraging. Exactly the pattern found in more well deformed nuclei 
emerges. (For convenience here and below we use the subscripts y and g to designate 
levels of the (quasi) y and (quasi) ground bands.) Comparison with the results 26, 27) 
for ' 900s or ' 84W shows that the 1920s curves are much less steep, as expected for a 
capture state spin of Jc = 4 or 5. The curve for the K =4 band at 1069 keV is slightly 
steeper than the others but this could be due to undetected primary population of 
the 4 state. Note that, if states of the same spin were connected instead, the curves 
would not be parallel and, in fact, would be entangled. 
It is of interest to use these results to aid in understanding the levels in 192 0s. 
We do this for the 1362 and 1465 keV levels below. 
3. Discussion 
3.1. ASSIGNMENT OF LEVELS 
Although "Os is not well deformed, it is apparent that rotational band structures, 
albeit with strongly perturbed rotational energies, appear in the low lying spectrum of 
excitations. A K = 2 y-band (to use conventional terminology) appears at 489 keV. 
States up through the 5 at 1143 keV can be assigned unambiguously. The choice for 
a 6 level is ambiguous, however: the latest 1920s compilation 15)  lists two tentative 
6+ states, at 1361 and 1465 keY. There is a 4 state at 1069 keY which is evidently 
analogous to a similar level, which is a K = 4 bandhead, that occurs 28)  in 
186, 188, 1900s. In those nuclei a S  rotational excitation is known but no candidate 
is apparent for 192 0s in ref. 15).  We propose that the 1362 keY level in fact iS5 + not 6 + 
and is a rotational excitation of the K = 4 band. There is considerable evidence for 
this. First the JK = 54 state in 186, 1900s decays predominantly (assuming pure 
E2 multipolarities) to the 44 state and, with a B(E2) about 10 % as large, to the 
4 level. Only a very weak branch feeds the 3 level in 186, 188, 1900S.In 1900s a 
14 % branch to the 5 is also observed. Exactly the same pattern characterizes the 
1362 keV level in 1920s:  its strongest decay (B(E2)) is to the 44 level with other 
branches to the 5 and 4 levels. The 1465 keV level, on the other hand, decays solely 
to the 4 level. 
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Additional evidence comes from the level energies. The only candidates in 1920s 
for the 5 ' 4  state are the levels at 1362 and 1465 keY. Table 2 compares various energy 
differences in the Os isotopes. They clearly point to the 1362 keV level as the 54 state. 
Finally, the population systematics of fig. 4 are supportive of this assignment. 
The population of the other candidate level (1465 keV) is 5.9 units on the scale of the 
figure and would give the K = 4 band much too steep a slope. 
This assignment for the 1362 keY level implies J" = 5 in disagreement with the 
latest compilation 15)  where (6 k ) is given. However, the 6 assignment was based on 
weak arguments stemming from the isomeric decay of the state at 2015 keV by 
highly K-forbidden transitions. 
TABLE 2 
Energies involing the K" = 4 bands in even-even Os nuclei 
1860s 	188 0s 	1900s 	 192 0s 
(E5 ,—E 4 )/E2 + 	 1.52 	1.52 	1.52 	 1.42 (1362 key) 
1.92 (1465 keV) 
E4 .(A-2)—E 4 (A)(keV) 	 72 	 116 	 94 
E5 .(A-2)—E 5 .(A) (keY) 	 44 	 70 	 84 	(1362keV) 
	
—19 (1465 keV) 
The 1465 keV state is most likely the 6 level. In 186, 188, ' 900s this state always 
decays 28)  predominantly to the 4 level with a weaker branch to the 6 state (not 
observed in ' 900s). This coincides with the decay of the 1465 keY level in 1920s. 
The population of the 1465 keV level is somewhat lower than expected for the 6 
level but this may be characteristic of spins as high as 6 since the 6 l&el is also not 
observably populated even though it occurs at lower energy. 
3.2. THE 192  Os AND THE Os-Pt TRANSITION REGION 
There is a complex transition region occurring from A = 186-196. In gross terms, 
the prolate deformed character of the lighter nuclei gives way with increasing mass 
to nuclear potentials with successively smaller average deformations, double (prolate 
and oblate) minima, and increasing tendencies toward axial asymmetry. The Pt nuclei 
are typified 29)  by relatively low 2 energies and very low values of 
R(2 2) = B(E2 : 22 —+ 0 1 )/B(E2 : 2 2  — 2 k ). 
The changes from isotope to isotope are gradual, with the ground-band energy 
spacings slowly increasing with mass while R(2 2) decreases. 
In Os the transition is more complex. An indicator of increasing axial asymmetry 
and of a generally softening potential is a falling 2 level and, in particular, the 
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crossing of the 2 and 41  levels. This occurs at a larger neutron number in Os than in 
Pt, reflecting a delayed entrance of Os into the transition region, presumably due to 
the stronger deforming tendency of the extra two proton holes. However, once begun, 
the drop in E2 is much faster in Os which suggests a more rapid variation in potential 
energy surfaces. This process culminates in ' 940s where a sudden turnaround 30) 
(rise) in E2 occurs and where, correspondingly, R(2 2) actually reverses direction 
toward the rotational value. An interpretation 30)  of this is that for A :!~ 192, the 
prolate character diminishes with a competition between prolate and oblate potential 
minima. Whereas in Pt the natural outcome of a similar, but slower, process is a 
gradual approach to a spherical shape, in Os, the turnaround in E2 and the increase 
in R(2 2) suggest that the Os isotopes bypass the spherical shape and jump from prolate 
deformed to substantially oblate deformed in "'Os. The unexpected behavior of 
' 940s has been treated elsewhere 30).  Here we concentrate on the structure of 192 0s 
and its role in the Os-Pt region from a different, but complementary viewpoint. 
Recently, detailed studies 31)  of the decay of higher-lying 0 and 2 states in ' 96 Pt 
have led to the suggestion that this isotope is an excellent empirical example of the 
0(6) limit 9)  of the interacting boson approximation (IBA) model 8).  The states in 
the 0(6) scheme are characterized by their J" values and by the quantum numbers 
(a, t, v):These are described in refs. 931).  For our purposes here a and v are 
unimportant; r resembles a kind of phonon number, at least in the sense that the 
E2 selection rules must satisfy At = ± 1. Fig. 5 shows a partial level scheme in the 
0(6) limit. It corresponds to the quantum number a = 0max and v 1 = 0 with x-values 
from 0 to 6: these represent only the small subset of 0(6) levels of relevance here. 
PARTIAL 0 (6) SCHEME 
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Fig. 5. Partial 0(6) level scheme corresponding to the quantum numbers (see text and refs. 931)) 
= mx and v4 = 0; r has values from 0 to 6. The E2 selection rule of interest here is AT = ± I. The 
states that become the y and K = 4 rotational bands in the 0(6) -. rotor transition are indicated. 
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The levels shown obey the energy relation E = Bt(r + 3) + CJ(J+ 1): Thus, within 
each t-group, the degeneracy is split by the C-term. The 0(6) limit somewhat re-
sembles a spherical harmonic vibrator but there is no 0 level near the z = 2 2 and 
4 states and the energies follow the rule t(r+3) rather than T. In fact, the z(r+3) 
dependence is characteristic of a displaced y-unstable oscillator which seems to be 
the closest geometrical analogue to the 0(6) limit. (Since the y-unstable oscillator 
involves extensive axial asymmetry it is not unreasonable that the 0(6) limit should 
apply in the 116  Pt region.) One notes in the scheme the appearance of groups of levels 
resembling a quasi-ground band and a quasi-y band with very marked odd-even 
level energy shifts. In addition a number of higher lying levels appear. 
As noted above, the isotopes ' 88 ' 94Pt are quite similar to 196Pt. They can be 
described by a perturbed 0(6) scheme in which an extremely small symmetry breaking 
is introduced in terms of a quadrupole-quadrupole (Q Q) force between bosons. 
The Os isotopes are also quite close to the 0(6) scheme in many respects but also 
display characteristics of the rotor. They can be interpreted in a perturbed 0(6) 
scheme where the perturbation, while still weak, is much larger than in Pt. Thus 
the Os-Pt region, as a whole, can be viewed as undergoing an 0(6) -+ rotor transition. 
There are a number of characteristic features of such a transition, two of which are 
of particular interest. First, the branching ratios from the 4 or 4, level change by 
orders of magnitude. As shown in table 3 (see also fig. 5), the 4 -+ 3 and 4 -+ 2 
transitions are forbidden in the 0(6) limit (they violate the At = ± 1 selection rule), 
while the 4 -* 2 and 4 -+ 4 transitions are allowed and of comparable strength. 
In the rotor, on the other hand, the 4 - 3 and 4 -* 2 become enhanced intra-
band transitions and the 4 -+ 2 and 4 -+ 4 are relatively weak interband transi-
tions related by an Alaga ratio. Table 3 shows the limiting predictions along with the 
data for 116  Pt and three Os isotopes. A clear empirical trend is noted, although the 
observed relative B(E2) values remain closer to the 0(6) limit than to the rotor. 
(Note that on the scale of 100 for the 4 -+ 4 interband transition one would expect 
relative B(E2) values 5000 for the intraband transitions if the Os nuclei were good 
rotors.) 
The second characteristic feature of the 0(6) -+ rotor transition is the emergence 
of a K = 4 band in the Os isotopes. This band has been characterized as either a 
two-phonon y-vibration 34) (it occurs at 2E 22.) and as a hexadecapole vibration 35)• 
In any case the 4 bandhead deexcites almost solely to the 2, 3 and 4 levels and 
the 5 + rotational excitation deexcites predominantly to the 4 bandhead and by 
transitions to the 3, 4 and levels that grow weaker relative to the intraband 
transition as A decreases in the Os isotopes. In the 0(6) limit the 4 + , 5 and 6 
levels of the K = 4 band become members of the 'r = 4, t = 5 and t = 6 multiplets, 
respectively, as indicated in fig. 5. The 5 level decays by allowed transitions to the 
4 + , 5 and 6 levels with t = 4. The first of these becomes the K = 4 bandhead in 
the rotor, the latter two become the 5 and 6 levels. The transitions from the 5 + 
level to the t = 3 level of spin 3 and 4 are forbidden in the 0(6) limit but become 
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TABLE 3 
Relative B(E2) values for the 4 level in ' 920s and neighboring nuclei ) 
4;- - 	3;- 4, 	-. 2 44. -. 2 4, 	-. 44. 
0(6) 0 110 0 100 
196 Pt < 28 92 1.7 100 
81 100 0.8 100 
1900s 182 179 2.7 100 
18805 232 6.5 100 
rotor . 100 100 34 100 
0)  The values tabulated assume pure E2 multipolarities and are normalized to 100 for the 4 -. 4 
transition. For ' 900s, an 8 % Ml component (ref. 32))  in the 4 - 4 transition has been removed. The 
labels y and g are not meant to imply a statement about the detailed character of the wave function but 
serve only as conventional and familiar labels. Data for 188. ' 900s are from refs. 17, 33) and that for 
196 pt is from ref. 31 ). For large intraband 4 -* 3;- and 4 - 2;- B(E2) values, the rotor limit predicts 
a ratio of 2.23. 
TABLE 4 
E2 branching ratios for transitions from the K = 4 band 0) 
4 + 3 + 5 + 4 + 
0(6) 00 2.86 00 
1920s 6.2 2.4 3.4 
1900s 4.1 7.1 1.4 
1.9 
' 860s 1.5 
rotor 0.561 large ( 	50) 0.484 
0)  The data for ' 92 0s are from the present work, for 186, 188. 1900s they are from refs. 17. 28 
interband transitions to the 3 and 4 levels, comparable to the 5 + - 5 transition, 
in the rotor. For the 4 bandhead, the transition to the 3 level is allowed in 0(6) 
while that to the 2 level is forbidden. These are both interband transition in the 
rotor and approach an Alaga ratio. Thus, again, rather large branching ratio changes 
will be expected in the 0(6) -+ rotor transition. Table 4 shows the predictions for 
the two limiting cases along with the current data for ' 920s and existing results for 
the lighter Os isotopes. The interband transition 5 - 5 decreases from 1920s 
to "Os, relative to the "intraband" 5 .' 4 transition. The interband transitions 
from the K = 44 + and 5 + levels also change in the direction from the 0(6) limit value 
toward the Alaga ratios pertinent to the rotor. Thus, as with the y-band levels, the Os 
isotopes exemplify the trends expected for the 0(6) -* rotor transition. 
This transition can be studied more quantitatively by using the IBA computer 
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code PHINT 36)  which solves the full IBA Hamiltonian for an arbitrary case. In 
particular it provides solutions in the 0(6) limit as well as allowing the study of 
perturbations thereto, primarily via the introduction of a quadrupole force between 
bosons. 
In the limit of a large interboson quadrupole force one obtains the SU(3) limit 
which is, in fact, a special case of the symmetric rotor. Thus one can simulate an 
0(6) - rotor transition by the introduction of a systematically increasing (with 
decreasing mass) strength parameter for this force (as well as by other smooth param-
eter changes). 
We are currently attempting to carry out such a study 37)  for the even-even Os and 
Pt isotopes. Preliminary results suggest that, for the isotopes of a given element, 
the required parameter changes are small and smooth, with many of the variations 
in predicted structure occurring automatically as a result of the different location of 
each isotope relative to the Pb closed shells. The empirical level schemes do, however, 
require a distinct parameter change, namely ajump in the magnitude of the interboson 
quadrupole force, in going from Pt to Os. 
We have shown, in tables 3 and 4, that the Pt and Os nuclei appear, empirically, 
to manifest an 0(6) - rotor transition. It is appropriate, however, to postpone 
further detailed discussion of this to a subsequent publication which will cover the 
entire region more quantitatively and in more detail. 
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discussions concerning the time dependence of isotopic activities and the extraction 
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The (n, 'y) and (n, e) reactions and deduced multipolarities of transitions have been used to identify many vibrational 
bands in 231 Th, 233 Th, 235 U and 239 U. The excitation energies of these bands are compared with those in adjacent even 
—even nuclei. Rotational and decoupling parameters are extracted. The mixing of the { [622t] —2} and [620] configura-
tions has been determined. 
The vibrational states in the even—even actinide 
nuclei exhibit very special features. The first 1 — level, 
for instance, changes from 230 keV in 226 Th [ 1 ] to 
714 keV in 232 Th [2]. This behaviour indicates that 
the vibrations depend very much on the single particle 
structure in these nuclei. Hence, the observation of 
the coupling of vibrations to single particle states in 
odd actinide nuclei may clarify the microscopic struc-
ture of these excitations. This information is very im-
portant especially since collective excitations of acti-
nides are the first steps towards fission. 
A recent review on single particle states in the mass 
region A > 228 [3] showed that there are not many 
vibrational states known in odd neutron actinide nu-
clei. The majority of the observed states is based on 
the ground state, since reactions such as Coulomb ex-
citation and (d, d') selectively populate these vibra-
tions. In contrast to most other reactions, the (n, 'y) 
reaction is nonselective and all levels are populated if 
their spin is not too far from that of the capture state. 
The combination of data from (n, y) and (n, e) exper-
iments results in the determination of transition 
multipolarities. Strong E0, E2 and El components in 
transitions characterise 0, y and K = 0— octupole vi- 
1 Kernforschungsanlage Jülich, Germany. 
2 Lawrence Livermore Laboratory, Livermore, CA 94550, 
USA. 
Oregon College, Monmouth, OR 97361, USA.  
brations, respectively. Hence, the (n, y) reaction is 
the best method to identify vibrations not based on 
the ground state band in odd neutron nuclei. In this 
context, it should be emphasized that we do not dis-
cuss the detailed structure of the vibrations and that 
the expressions 0, ,y and K = 0— octupole vibration 
are used as names for the lowest K = 0+, K = 2+ and 
K = 0— vibration, respectively, as is customary. 
Since the vibrational states arise in a region of in-
creasing level density, spectrometers with the best 
resolution are required. This criterion is fulfilled by 
the crystal spectrometers GAMS 1 and GAMS 2/3 [4] 
and the beta spectrometer BILL [5] at the high flux 
reactor of the Institute Laue—Langevin at Grenoble. 
Recently four isotopes of Th and U have been exten-
sively studied with these unique facilities and have led 
to the identification of a large number of new vibra-
tional configurations. The purpose of the present 
letter is to investigate the common features of these 
vibrational states in several isotopes and make a corn-. 
parison with the adjacent even—even nuclei. In the 
discussions which follow, it should be kept in mind 
that according to calculations [6-8] nearly all bands 
are mixtures of several single particle and vibrational 
configurations. In most cases only the main compo-
nents are discussed here. In addition, the Coriolis in-
teraction is usually not taken into account and this 
might modify energies and intensities. Details of the 
experiments and level schemes will be published sep- 
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Table 1 
Parameters of vibrational bands (energies in keV). 
Isotope Band Base single particle state 
Band head 	A 
energy 
a 
Octupole vibration K = 0 
Band head 	A 	a 
energy 
231 	T 5/2[6331] 0.0 5.99 (619.6) 
1/2[6314] 247.6 7.05 a) 0.16 a) (833.2) 
233Th 1/2[63111 0.0 6.58 -0.14 681.8 (6.0) 	(-0.98) 
5/2[622t 1 6.0 6.34 
7/2[743t] 6.1 5.13 
5/2 [6331] 262.2 2.46 b) 
235 U 7/2[743t] 0.0 5.08 
1/2[6311] 0.1 6.03 -0.28 761.0 5.69 	-0.48 
5/2[622t] 129.3 6.01 
5/2'1622t] 0.0 6.07 539.3 
1/2[6314] 133.8 6.82 -0.42 815.3 (6.0) 	(-0.53) 
A Coriolis calculation with the bands [631t], [6311] and [622t] gives A = 6.91 keV and a = 0.02. 
A Coriolis calculation with the bands [6334], [6244] and [631t] gives A6.8 keV. 
arately for 231 Th [9],233Th [101 ,  235U [11] and 
239 U [12]. 
In table 1 the band head energies, the rotational 
parameters A = h 2 /20 and the decoupling parameters 
a for several Nilsson configurations have been extrac-
ted in a straight-forward manner from level spacing in 
231 Th, 233 Th, 235 U and 239 U. The same parameters 
are given for the K = 0 octupole vibrations, the K = 0+ 
f3-vibrations and the K = 2 7-vibrations coupled to 
the corresponding Nilsson configurations in such cases 
where these bands have been identified. The values 
for 231 Th are in parentheses, because the interpreta-
tion of the level scheme is not yet completed and 
these values are therefore preliminary. 
Table 1 shows that the rotational parameters of the 
K = 0- octupole vibrations and the 7-vibrations are 
usually somewhat smaller than those of the base states. 
A simple explanation could be Coriolis interaction be-
cause these bands are the lowest ones of a group of 
vibrational bands. However, the same effect is also ob-
served in even-even actinide nuclei where the rota-
tional parameters of the vibrational bands are always 
smaller than those of the ground state band [2,14-18]. 
This can be explained because a vibration involves 
several quasi-particle states and thus increases the 
blocking and decreases the gap parameter A [19] 
which again increases the moment of inertia [20]. The  
rotational parameters of the 7-vibrations seem to be 
closer to those of the base states, as is also the case in 
the even-even nuclei. 
The decoupling parameters of the [631 fl single 
particle bands become more negative in going from 
231 Th to 239 U. This tendency is in agreement with 
Nilsson calculations for increasing quadrupole defor-
mation [3]. Surprisingly, this trend seems to be oppo-
site for the j3-vibrations based on the [631 4] state, 
while theory predicts the same decoupling parameters 
[20]. The decoupling parameters of the 7-vibrations 
on the [622t] bands, 1/2k {[622t] -21, which are 
expected to be zero for pure vibrations [20] have 
values between 0.14 and 0.45. This is caused by ad-
mixtures of the 1/2' [620] configuration (see below) 
whose decoupling parameter is about 0.3 [3]. Similar 
arguments are valid for the {[6334.] -2+ } band. 
Fig. 1 displays the vibrational energy differences in 
the odd and even Th and U isotopes. For the odd iso-
topes the differences in energy between the vibrational 
band heads and the corresponding single particle base 
states are plotted for several Nilsson configurations 
(the dynamic term (i 2 /20)K 2 was neglected). The 
energies of the even isotopes are from refs. [2,14-18]. 
Vibrations in 233 U [21,22], 235 U [13] and 237 U [23] 
have been added. An examination of fig. 1 shows 
many systematic features. For the octupole and 13- 
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Isotope Band a-vibration K 	0 -f-vibration K 	2 d) 
Band head 	A 	a Band head A a 
energy energy 
231 Th 5/2[6331] (687.6) 
1/2[63111 820.6 
233 Th 1/2[631] 713.7 6.13 	-0.56 814.7 7.46 
5/2[622t] 711.2 6.11 583.9 6.35 +0.45 
7/2[743t] 572.7 5.32 
5/2 [633fl 842.3 5.54 +0.16 
7/2[743t J 637.8 5.34 
920.8 c) 5.12 c) 
1/2[63111 769.2 5.88 	-0.42 (968.4) 
5/2[622t] 905.3 843.9 6.23 +0.14 
5/2[622t] 1062.5 5.93 687.9 6.54 +0.42 
1/2[631l] 1155.1 5.39 	-0.26 965.7 4.48 
C) From ref. [13] for {[743t]+2}. 
d) The 7-vibration K = 2 has been subtracted from the single particle spin. 
vibrations the vibrational energy differences in the 	even isotopes might be interpreted in terms of Coriolis 
odd and adjacent even isotopes are generally very simi- 	interaction in some cases. The larger difference be- 
lar. The observation that the energies in the odd iso- tween even and odd nuclei for the 'y vibrations is to 
topes are usually lower than those in the adjacent 	some extent caused by the splitting between the two 
Table 2 
Mixing of the rotational bands 1/2{[622t ] -2'1 and 1/2[620). 
233Th 	235u 	 237U a) 	239 U 	Theory 
for [620] 
da/th., of the (d, p) reaction for 12 MeV d (pb/si) 
(1500 ) (140° ) (140° ) (1500 ) (1500 ) 
Spin 	 ref. [25] ref. f 26 ref. [29] ref. [27] ref. [25] 
1/2k 42 ± 5 a) 51 ± 16 38 ± 12 92 ± 16 165 
3/2 	 6 ± 2 17 ± 10 10 ± 10 C) 25 ± 9 27 
5/2k 55 ± 6 66 ± 15 81 ± 20 112 ± 20 d) 234 
Admixture of the configuration [6201 
Experiment 	(24 ± 3)% (30 ± 5)% (28 ± 6)% (53 ± 6)% 
Theory [6-8] 16% 24% 42% 47% 
Band head energies for the (1/2{[622t]-2} + 1/2[620] configurations (key) 
Experiment 	 584 844 847 688 
Theory [6-8] 1090 1030 950 920 
The band was identified in ref. [28]. 
The contribution of the 3/2[501 1] level was subtracted 
Masked by the 1/2[5011] level. 
The contribution of the 1/2[7611J level was subtracted 
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600 ~1 6311 
Octupote Vibraton K=0-  
Th 	I U 	A 
keV 
622 Boo 	 [6~341 	 6311 
600 
p Viwation K=O 
200 1- 	Th 	I 	 U 
A 




600 	 [743T) 
Y Vibration K=2 
200 1- 	Th 	I 	 U 
A 
Fig. 1. Vibrational energy differences in even and odd Th and 
U isotopes. For odd nuclei these represent the differences in 
energy between the vibrational band heads and the corres-
ponding single particle base states. For even nuclei they are 
the excitation energies of the band heads. The K = 0 octu-
pole vibration energies in even isotopes are those of the first 
1 levels. In 236 U the spin of the 688 keV level is question-
able (1 - or 2 -) [24]. The 'y-vibration on the [743CJ state in 
235 U shows the 3/2 - and 11/2 - band [13]. 
possible couplings, as evidenced in the case of the 
3/2 - {[743f] —2} and 11/2 - { [743t]  +21 bands in 
235 U [13]. It is however, remarkable that the vibra-
tional energy difference of the 3/2{[631fl-21 
configurations is always much higher than of the 
other -y-vibrations in the same nucleus. According to 
Stephens et al. [13] the 7/2 - [743t]+01 band head 
in 235 U is at 1053 keV which does not correspond to 
the first excited 0 states in 234 U (809.9 keV) or 
(919.2 keV), but is more in keeping with the second 
0 level in 234 U at 1044.5 keV. 
Selection rules and theoretical calculations [6-8] 
predict a strong mixing between the y vibration based 
on the [622t] state and the [620] state. Since a pure 
-y-vibration is not expected to be populated in the 
(d, p) reaction, and while the [620] state has strong 
predicted cross sections for the 1/2, 3/2 k and 5/2 k  
levels, it is possible to obtain quantitative information 
on the contribution of the [620] configuration. Table 
2 gives the experimental and theoretical cross sections 
for the (d, p) reaction to the 1/2, 3/2 and 5/2 levels. 
Since the experimental cross section ratios correspond 
very well to the theoretical estimates, it can be reason-
ably assumed that the cross sections mainly originate 
from the [620] configuration. The ratiosbetween the 
experimental and theoretical cross sections give the 
percentage of the [620] configuration. These values 
are in rather good agreement with the theoretical pre-
dictions [6-8], the calculated energies [6-8] for 
these bands being more than 100 keV too high. 
The preceding discussions demonstrate that data 
obtained from (n, y) and (n, e) measurements form an 
excellent basis for the identification and interpretation 
of vibrational structures. It would be desirable to have 
better theoretical predictions available for the level 
energies in order to be able to identify vibrations above 
1 MeV in these nuclei. Again the derivation of simple 
formulae for energy shifts caused by single particle 
phonon mixing would be of great assistance in this 
regard. 
We wish to thank Drs. R.F. Casten, L.A. Malov, R. 
Piepenbring and P. Ring for stimulating discussions. 
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Abstract: The energy levels of "'Os have been investigated using the 1920s(n, y)' 930s reaction. Precise 
energy measurements of secondary y-rays have been made with the high resolution curved crystal 
spectrometers and high flux of thermal neutrons available at the ILL. Primary y-rays following 
average resonance capture with a mean neutron energy of 2 keV were studied at Brookhaven 
National Laboratory. The two sets of results have been combined with existing data to construct 
a level scheme up to 1300 keV incorporating a complete set of , states. Unique or limited spin 
assignments have been made for most of the levels. It has been shown that, as a result of the 
significant reduction in the fragmentation of single particle strength, the essential features of the 
states below 700 keV can be understood in terms of Coriolis coupled Nilsson model states. 
NUCLEAR REACTIONS 192Os(n, y), E = th, 2 keV; measured E,  1. ' 93 0s deduced 
levels, j, it. Curved crystal spectrometers, Ge(Li) detectors, enriched targets. Fragmentation 
Nilsson strength. Coriolis mixing calculation. 
1. Introduction 
Attempts to interpret the characteristics of odd mass nuclei are usually based on 
the principle of superimposing the motion of one, or a few, particles onto that of a 
well defined nuclear core. The choice of basis for the single particle states and the 
description of the core motion is clear for well deformed or spherical nuclei. In 
regions where the equilibrium nuclear shape is changing from one extreme to the 
other, the use of either of the two limiting descriptions is likely to provide a sensitive 
test of its range of applicability. The W, Os and Pt nuclei span such a region. Extensive 
The submitted manuscript has been authored under Contract No. EY-76-C-02-0016 with the 
Division of Basic Energy Sciences, US Department of Energy. Accordingly, the US Government retains 
a nonexclusive royalty-free license to publish or reproduce the published form of this contribution, or 
allow others to do so, for US Government purposes. 
f t KFA, D-5170 JUlich, Germany. 
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studies of the even mass isotopes of these nuclei 1-3)  have shown a change from a 
prolate deformed rotational structure to a quasi-vibrational axially asymmetric one, 
with a passage through an intermediate stage where a strong oblate minimum develops 
in the nuclear potential surface. In cases where the average shapes of neighbouring 
doubly even nuclei differ significantly, it is not clear which, if either, deformation 
will be adopted in the intermediate odd-A nucleus. The most rapid shape change 
occurs in the Os nuclei between 188 Os and "'Os [ref. 4)],  and hence the intervening 
odd mass Os isotopes provide the best region in which to investigate the corre-
sponding changes in the single particle potential. 
Until recently the available experimental information on the heavier odd mass 
Os isotopes has been scarce. However, during the last two years, the "'Os and 
"'Os nuclei have been studied via the (d, p), (d, t) and (n, y) reactions 5.6),  and 
"'Os via (d, p) and (n, y) 7). It should be noted that, prior to the latter work, the 
energy levels of "'Os were completely unknown. Recent data also exists on levels 
in "'Os, populated by average resonance neutron capture 8) 
In the present work, secondary y-ray transitions in 1930s have been investigated 
using the ' 92 Os(n, y)' 93 0s reaction with the high flux of thermal neutrons available 
at the Institut Laue-Langevin (ILL). Accompanying experiments at Brookhaven 
National Laboratory (BNL) have provided a spectrum of primary y-rays following 
average resonance capture with a mean neutron energy of 2 keV. The high thermal 
flux and the use of high resolution curved crystal spectrometers to study the low 
energy spectrum at the ILL have revealed a large number of new transitions, and the 
extreme accuracy of the energy determination allows a detailed level scheme to be 
constructed on the basis of the Ritz combination principle. The average resonance 
data, coupled with the previous reaction data 7),  enable unique or limited spin 
assignments to be made in many cases. 
A similar investigation of 191 0s has been performed, and will be reported separa-
tely. In addition, the present measurement also led to the observation of the dominant 
transitions in "'Os, via twofold neutron capture 4). 
2. Experimental techniques 
2.1. CURVED CRYSTAL SPECTROMETER MEASUREMENTS 
A target of 84 mg of osmium metal, enriched to 99.06% in 1920s was placed at a 
distance of 55 - cm from the core of the HFR at the ILL, in a thermal neutron flux of 
5.5 x 1014  n cm sec'. The target was laminar in construction and was viewed 
as a vertical line source by the three curved crystal spectrometers GAMS 1, 2 and 3. 
These instruments operate on the principle of Bragg diffraction, using the (110) 
reflection planes in quartz crystals. At a given angle a y-ray of a particular energy 
can be diffracted in one of several orders of reflection, and is detected in a Na! 
detector. The diffraction angle is measured with a laser-based Michelson inter- 
' 930s 	 15 
ferometer system, and is recorded as a number of steps, each corresponding to 
adjacent interference maxima. This interference step number can thus be related to 
energy. Windows set on the Na! detector outputs allow the first five orders to be 
recorded simultaneously. The GAMS I crystal (5.8 in radius of curvature) was used 
for energies below 400 keV. Source movements in this case are monitored by a sep-
arate control crystal with a window on the corresponding Na! detector output set 
on a selected peak. TheGAMS 2 and 3 crystals operate as a complementary pair. 
Each measures the same y-energy simultaneously, but reflected on opposite sides of 
the direct beam. The Bragg angle can then be determined from the mean of the. angles 
between each crystal and the beam direction, which is independent of the exact 
location of the source. These spectrometers were used to measure the energy range 
300-1150 keV. Technical details of these instruments are given elsewhere 9). 
Both spectrometer systems are controlled by PDPI 1/20 computers. A measurement 
consists of counting for a preset time at a given reflection angle, and then rotating the 
crystal in steps to the next measuring point. At the end of each measuring point, the 
counts in the 5 orders of reflection are written on magnetic tape. Since the step 
number is inversely proportional to the energy, times taken to scan different energy 
regions vary but, as an example, a scan from 94 keV to 165 keV (in first order) in 
GAMS 1, with a count period of 100 sec per point and a Step width corresponding to 
the passage of three interference maxima, takes approximately 48 h. 
2.2. AVERAGE RESONANCE CAPTURE EXPERIMENTS 
The intensities of primary y-transitions observed from a single resonance or from 
thermal neutron capture are usually statistically distributed, following a Porter-
Thomas distribution with one degree of freedom. Besides the wide spread in intensi-
ties, two consequences of this are that many primary transitions will be too weak to 
observe and that the strongest Ml primaries can be in the same intensity range as 
typical El primaries. The first consequence means that many levels will remain 
unobserved, the second that parity determinations are risky. A technique that 
avoids these problems in heavy nuclei is that of average resonance capture wherein 
the neutron beam energy is intentionally spread out over an interval large compared 
to the spacing of levels of the appropriate spin near the neutron separation energy in 
the compound nucleus, but small compared to the energy width of a primary transi-
tion peak in the Ge(Li) detector used. To accomplish this, a Sc filter is inserted in the 
the external neutron beam at the High Flux Beam Reactor at BNL. The neutron 
scattering cross section of Sc has a minimum centered at 2 keY. Thus a beam of 2 keV 
is preferentially passed by such a filter, with an energy width determined by the 
thickness of the filter. In the present measurements the Sc filter thickness was chosen 
to provide a FWHM of 800 eV at a mean neutron energy of 2 keV. Since the 1920s 
ground state spin is 0', s-wave capture (dominant at this neutron energy) leads to 
' 93 capture states whose spacing at the neutron separation energy of 0s is sufficient 
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to allow averaging over some 20 to 30 resonances. This reduces the fluctuations in 
primary El intensities from orders of magnitude to ±30-40% for a band that 
encompasses 85 % of all transitions (see below). With averaging, the MI primary 
intensities will be a factor of 5 [ref. 10)]  below the averaged El intensities and, in 
fact, just at or below the detection sensitivity. Thus all transitions observed will be 
of El character and will define j  or  4 final states. Furthermore, since all intensities 
will be the same (except for a smooth energy dependence), a corollary is that the full 
set of -, states in 'Os up to a certain excitation energy will be observed. This 
energy limit is defined by the fact that the averaged primary intensities follow an 
energy law of the form E where a value of n = 5 has been found" -13)  to characterise 
the empirical fall-off. 
The detection system is a three crystal pair spectrometer system composed of a 
central Ge(Li) detector surrounded by two large Nal(Tl) crystals. This system, 
operating in coincidence mode with the escaping annihilation radiation, effectively 
eliminates full energy and single escape transitions and has extremely low background. 
Full details have been described elsewhere 14)  The target consisted of 2.1 g of Os 
enriched to 99.03 % in 112  Os. The material was encapsulated in a polyethylene bag 
of dimensions 2.5 x 2.5 cm and oriented at 450 to both the neutron beam and the 
Ge(Li) detector. The spectrum of y-rays was recorded twice, each run requiring 
about one week of measuring time. Background runs with no beam or target and 
with beam but no target were also recorded to identify contaminant lines and to 
establish the shape of the background spectrum. 
3. Results 
3.1. CURVED CRYSTAL SPECTROMETER MEASUREMENTS 
Typical spectra in several orders from GAMS 1 are shown in fig. 1. A number of 
impurity lines could be identified in the observed spectra. Those arising from the 
presence of other Os isotopes in the target were identified from previous data 5 6) 
and also from a companion experiment with a "'Os target. in addition, ' 930s 
fl-decays to ' 93 1r with a half-life of 30 h and the transitions populated by this decay 
were identified by reference to previous data 15).  Such assignments could also be 
verified by the fact that transitions assigned to ' 93 1r were observed to grow between 
successive scans with a time dependence determined by the 30 h half-life of 'Os. 
The intensities of the ' 93 1r lines 15)  at saturation were used to calculate relative 
intensity calibration curves for the different orders of reflection. The spectra were 
analysed with automatic peak fitting routines, and the relative energy calibration 
was performed using several strong lines, each observed in several orders of reflec-
tion. An absolute energy scale was then established by reference to the K 2 line of 
Os at 61.488 keV [ref. 16)] 
The energies and intensities of lines assigned to the ' 92Os(n, y)' 93 0s reaction are 
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Fig. I. Spectra observed with the curved crystal spectrometer GAMS I. Peaks are labelled with the 
transition energy in keY, and in the case of impurity lines, with the final nucleus to which they 
correspond. Lower: Part of a scan taken with 100 sec counting time per point and steps of three inter - 
ference maxima. Spectra seen in the first and second orders of reflection are shown. Upper: Portion of 
the spectra at higher fringe numbers. Second and third orders of reflection are shown. 
3.2. AVERAGE RESONANCE CAPTURE MEASUREMENTS 
A spectrum of the primary transitions following average resonance capture is 
shown in fig. 2, where the peaks are labelled by a nominal excitation energy for the 
corresponding final state in 1930s. Since the spectrometer is encased in a Bi shield two 
intense Bi contaminant lines are observed, as well as contaminants from Al and Fe 
and from the Na in the large NaI(Tl) detectors surrounding the central Ge(Li) 
detector in the three crystal spectrometers. Energy calibration of the system was 
obtained from the contaminant lines evident in the figure, from higher lying Fe and 
Al lines, and from the hydrogen capture line at 2223 keV. 
The primary transition of 4531 keV populating a state at 1053 keV appears broad 
in the spectrum. This is most likely not due to a doublet of levels but to the fact that, 
in thermal capture, the primary transition to this level is very strong 7).  The low level 
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(see fig. 	4) 
91.920 7 4.5(10) 8- 7 405.669 36 1.3(2) 22-15 
102.733 1 32.1(6) 4- 1 413.479 20 1.3(2) 12- 6 
109.763 14 1.4(4) 21-18 414.276 20 4.6(2) 10- 2 
123.824 13 1.7(4) 432.491 39 1.1(2) 
127.879 7 4.2(4) 9-. 7 434.954 8 8.9(3) 9- 1 
131.124 2 46.0(7) 5- 4 441.046 47 1.1(2) 
145.533 6 2.0(4) 11- 8 441.835 17 2.4(4) 11- 4 
148.689 7 4.8(3) 10- 7 455.754 12 11.9(3) 10- 	I 
160.102 20 1.7(3) 10- 6 471.662 10 2.2(3) 11- 3 
165.226 33 1.5(5) 15-13 517.177 52 7.$ (3) 
8- 5 544.534 29 8.6(3) II- 	I 
192.365 14 0.5(l) 5- 2 560.914 16 1.9(2) 
192.952 3 2.2(3) 6- 4 582.400 24 3.4(2) 14- 7 
195.611 16 0.4(l) 584.701 26 2.2(2) 
- 199.543 58 1.2(4) 606.459 24 2.7(2) 12- 4 
201.105 2 20.5(5) 9- 5 618.895 14 4.8(2) 15- 9 
203.067 8 1.3(1) 21-16 635.789 21 6.0(3) 
204.349 2 84.1(16) 7- 4 636.290 22 4.1(3) 12- 3 
207.812 28 0.5(2) 649.594 25 1.8(2) 
208.493 4 4.0(2) 655.614 15 3.1(2) 14- 5 
221.906 16 0.8(1) 10- 5 667.824 21 3.0(2) 
222.778 5 10.7(3) 6- 3 709.231 16 12.3(5) 12- 1 
233.857 15 0.8(1) 5- 1 714.169 43 1.5(2) 
234.170 12 1.8(1) 7- 3 722.647 41 2.1(3) 18-10 
237.473 5 7.2(2) II- 7 734.795 31 0.8(1) 
241.132 17 0.7(I) 735.110 52 1.9(3) 
242.586 7 28.1(7) 22-19 743.519 35 2.1(2) 18- 9 
248.859 6 2.3(l) 11- 6 746.753 9 4.7(2) 15- 7 
254.193 4 20.8(4) 6- 2 749.173 35 1.0(l) 
265.601 2 100.0(7) 7- 2 785.962 35 9.5(5) 13- 4 
276.575 6 2.0(1) 786.764 11 13.4(5) 14- 4 
281.397 4 23.3(8) 17-14 788.542 25 7.6(4) 
287.811 49 0.4(1) 815.664 57 2.2(3) 13- 3 
295.676 3 13.2(2) 6- 1 816.628 52 2.4(2) 14- 3 
297.632 6 2.3(1) 825.702 20 7.0(4) 20-10 
298.057 9 1.1(1) 830.467 68 3.4(4) 
- 	 303.589 9 13(1) - 831.391 55 5.3(4) 
307.083 3 18.9(4) 7- I 832.464 44 5.0(4) 21-10 
326.117 5 4.0(2) 8- 3 847.307 29 8.7(4) 
327.464 4 6.3(2) 19-14 850.867 85 2.0(3) 
353.042 II 2.0(2) 10- 4 883.980 93 1.9(3) 
357.518 19 1.2(2) 8- 2 888.551 53 4.0(5) 13- 	1 
375.359 13 1.6(2) 889.484 13 15.7(7) 14- 1 
382.476 21 2.2(2) 924.682 63 3.0(3) 
382.862 8 9.3(3) 10- 3 951.172 15 54.2(27) 15- 4 
391.955 35 2.4(7) 20-14 982.256 41 16.8(14) 16- 4 
393.471 6 20.3(4) 9- 2 983.142 57 16.8(16) 19- 5 
399.022 5 19.7(4) 8- 1 983.955 64 13.1(15) 
400.917 25 2.0(4) 1129.487 64 9.8(11) 17- 2 
401.404 25 2.7(3) 
) The energy error does not include an absolute calibration error. 
b)  Intensities have been quoted on a relative scale. The partial cross section of the 265.6 keV transition 
is given in ref. 7)  as 263 mb. The errors quoted in parentheses are statistical. The systematic error intro-
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Fig. 2. spectrum of double escape peaks from the average resonance capture experiments. Peaks are labelled by nominal excitation energy in keV, or 
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background of moderated thermal neutrons then provides a weak satellite peak in 
the spectrum, two keV to the left of the peak from average resonance capture, thus 
leading to an apparently broad line. Table 2 summarises the average resonance 
capture data. 
Fig. 3 gives a plot of the primary intensities divided by the energy factor E. 
Most of the points fall in a narrow band. The horizontal lines in the figure are 
drawn to suggest the averaging by encompassing 85 % of the transitions within a 
range of intensities of +40 % about a mean. The energy dependent sensitivity limit 
is indicated on the figure. While the observed peaks at higher excitation (lower 
y-ray.) energy are only a factor of roughly two greater than the sensitivity limit the 
averaging is sufficient that it is unlikely that j-  or  4 states below 1700 keV could 
have been missed. The only possible candidates for Ml multipolarity are the relatively 
weak transitions to the 1217, 1385 and 1437 keV levels which could possibly be 
relatively intense averaged Ml transitions to 4 + and 4 +  levels. 
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Fig. 3. Intensities (divided by E) of the primary transition peaks from the ' 920s(n, y)' 930s average 
resonance capture measurements. The horizontal bars are meant to suggest the degree of averaging. They 
encompass 85% of the points in a band width ±40% about the mean. The dotted line indicates the 
sensitivity limit of the measurement. 
It is of interest to note that this type of study which defines all 4, 4 levels alsL.  
indicates, by elimination, which levels are not 4 or  3. If one carefully scans the 
spectrum of fig. 2 in the region where primary transitions to known levels might 
occur it is evident that there is not the least suggestion of peaks corresponding to 
states at 295, 399, 455, 544, 762, 952, 1085, and 1170 keV. Thus none of these levels 
can have spin-parity assignments of 4 or  4. Furthermore, no evidence for 4 or 
4 states exists from 1589 keV up to at least 1700 keV. 
U, ) 
LU 
193 Os 	 21 
TABLE 2 
Results from the average resonance capture of 2 keV neutrons for the reaction 192 0s(n, y)1930s C) 
E.,(z1E) b) E(.dE) !(z1I) C) I/E, C) 
5585.15(13) 0 508(36) 93(7) 
5543.91(10) 41.2(2) 848(42) 162(8) 
5482.7 1(6) 102.4(2) 1452(70) 293(14) 
5351.40(19) 233.7(3) 537(53) 122(12) 
5277.83(19) 307.3(3) 271(27) 66(7) 
5150.30(16) 434.8(2) 364(30) 100(8) 
4696.24(18) 888.9(3) 260(25) 114(1 1) 
4531.9 (6) 1053.3(6) 142(22) 74(11) 
4406.89(25) 1178.3(3) 241(33) 145(20) 
4367.2 (6) 1218.0(6) 84(26) 53(16) 
4302.8 (4) 1282.4(4) 111(22) 75(15) 
4297.2 (4) 1288.0(4) 117(22) 80(15) 
4199.5 (12) 1385.6(12) 64(33) 49(25) 
4147.8 (9) 1437.4(9) 59(28) 48(23) 
4070.0 (6) 1515.2(6) 97(28) 87(25) 
3995.5 (7) 1589.6(7) 131(40) 129(39) 
C)  Uncertainties are on the last digit. The energy errors exclude calibration uncertainties which are 
estimated at ± 1.0 keV on absolute energies and which for relative energies range from ±0.3 keV at low 
excitation energies to +0.8 keV above 1300 keV excitation. 
b)  The energies are 7-ray energies. Thus E7(g.s.) = S(n) + 2.0 keY. 
C)  Arbitrary units. 
4. Level scheme 
The level scheme shown in fig. 4 has been constructed using the Ritz combination 
principle on the observed secondary y-rays, in conjunction with the approximate 
excitation energies indicated from the average resonance capture data, and from the 
existing data from (d, p) and thermal capture primary y-ray studies 7).  A summary of 
all levels deduced to date is given in table 3, but only those levels which could be 
connected by the low energy transitions observed in the present measurement are 
included in fig. 4. The precise adopted level energies, which result from a least 
squares fit to the measured transition energies are given in table 3 where recoil 
corrections have been taken into account and where earlier data are also summarised. 
The J' values in fig. 4 are the preferred assignments from table 3. 
The high precision of the present secondary y-ray energy measurements makes the 
Ritz combination principle a reliable method of establishing the existence of levels in 
this case, and the relatively small number of lines reduces the probability of chance 
combinations. It can be seen in table 3 that all states populated in the average capture 
experiment up to 1300 keV have also been identified from the secondary transitions. 
The lack of y-rays placed at levels above this energy is not surprising, since such levels 
are, in general, more weakly populated than the lower lying levels and are most 
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Fig. 4. Level scheme of ' 930s. Level and transition energies hav& been fruncated to I decimal place. Only those levels which could be connected by the low 
energytransitlons observed in the present measurements are included. The f' values given are the preferred values. For the 295.7, 544.6 and 709.2 keV levels 
alternative positive parity assignments are formally allowed by the data but have been eliminated on model dependent grounds (see discussion in sect. 4). The 
spin assignment for the 1459.5 keV level comes from ref. 7).  Tables 1 and  should be consulted for precise level and y-ray energies, for other levels not shown 







Properties of levels below 1700 keV in 'Os 
23 
Level Level energy Av. res. 1920s(d, p)1930s b) Thermal b) 
no. from GAMS 
Error 
(eV) capture primary 
J r C) 
(fig. 3) (key) E(4 E) E (key) I E (keV) 
0 0 0 0 
2 41.484 2 41.2(2) 41.4 
3 72.902 3 72 3 
4 102.733 	. I 102.4(2) 102 I 102.3 4- 
5 233.856 2 233.7(3) 234 I 235.0 4, 
6 295.681 3 
7 307.083 2 307.3(3) 307 I 307.3 
8 399.018 4 399 3 
9 434.961 3 434.8(2) 434 I 4, 
10 455.769 4 455 3 
II 544.552 3 544 (4+ 	4+)4• 	i - 
12 709.202 13 (3+,4+)4,4_ 
762 3 
13 888.639 29 
888.9(3) 888.4 4, 3 	d 
14 889.491 7 
952 3 
15 1053.872 12 1053.3(6) 1052.6 4 - , 4 
16 1085.110 56 1086 I 
17 1170.890 10 1169.9 
18 1178.427 21 1178.3(3) 1178 1 1177.6 4, 4 
19 1216.957 8 1218.0(6) 1216.7 
20 1281.468 18 1282.4(4) 1281.8  
21 1288.183 21 1288.0(4) 1287.7 
1333.2 
1358.3 
1385.6(12) 1385.1 4-( 
1437.4(9)  
22 	1459.546 	10 	 1461 3 
1496 3 
1501.2 











) This error does not include the absolute y-ray calibration error. 
b)  Data from ref. 7). 
C)  See text for a detailed discussion of spin assignments for individual levels. 
d)  No decision can be made as to which member of the doublet 13, 14 is populated in either the average 
resonance or thermal capture experiments. The quoted spin assignment applies to at least one of the two 
levels. 
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measurement. The criterion for the establishment of a level was taken as follows: in 
cases where the previous data indicated the existence of a level, the placing of a 
minimum of two lines at this level energy was considered sufficient. Otherwise a 
minimum of four lines was demanded. The latter condition has led to the discovery 
of three new levels at 295.7, 709.2 and 888.6 keV. The levels at 1085.1, 1170.9, 1281.5 
and 1459.5 keV each have only two depopulating transitions placed, but their existence 
has been confirmed from the other data available. The last of these levels must be 
regarded as the least certain, due to its unusually intense low energy decay mode. No 
transitions could be found which could be identified with the levels indicated by the 
(d, p) data at 762 and 952 keV. 
The ground state spin of "'Os has been determined as 4 from a study of the beta 
decay feeding to levels in ' 93 1r [ref. 15)]  This assignment is consistent with the 
results of the present average capture measurements, which also show that the states 
at 0.0, 41.5 and 102.7 keV have spins of j- or 4, while the spin of the state at 72.9 
keV is not 3- or 4. Benson etal. 7 ) have used the ! = 1 angular distribution observed 
for the 41.5 and 102.7 keV states and the! = 3 distribution observed for the 72.9 keV 
state, coupled with the empirical (d, p) systematics in 189, 191, 1930s to assign spins 
of j-, 4 and  4 for the 41.5, 72.9 and 102.7 keY states respectively. 
The El nature of the observed average resonance primary y-rays allows assign-
ments of 4 or 4 to be made to all levels populated by this process. In addition, for 
the reasons explained in subsect. 3.2, levels not populated in the average resonance 
experiment can be assumed to have spin-parity values other than j-, . The use 
of these criteria has led to many of the assignments made in the last column of table 3, 
and the results are in good agreement with the (d, p) results, with one exception. The 
level at 1085.1 was denoted as an I = 1 state in the (d, p) measurements 7),  but a 
careful examination of the average capture spectrum shows that there is no trace 
of a peak at this energy; hence the spin cannot be 4 or 
Having reduced the number of possible spin assignments for each level with the aid 
of the average capture and (d, p) data, a number of other possibilities can be elimi-
nated on the basis of the deexcitation pattern. Thus the levels at 399.0 and 455.8 keV, 
shown above to have J1 , 4, are each populated by 1 = 3 transfer in the (d, p) 
reaction, and both decay to thestate at 41.5 keV. The 4 spin assignment in each 
case can therefore be rejected. Similarly the decay pattern of the 295.7 keV level, 
coupled with the absence of a primary transition to this level in the average capture 
spectrum leads to only two possible spins, namely, 4 or  4. The latter assignment is 
strongly favoured, since whether one assumed deformed or spherical single particle 
states to be appropriate for this nucleus, no low spin positive parity states can be 
expected to appear below an excitation of 1 MeV. The same argument leads to a 
strong preference for the negative parity assignments for the 544.6 and 709.2 keV 
levels. It is not clear which of the two states at 888.6 and 889.5 keV is populated by 
the corresponding primary transitions observed in average resonance and thermal 
capture. Hence, all that can be deduced is that at least one of the states can be assigned 
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a 	ori- 2 2 spin. Finally, the state at 1170.9 keV is populated by a primary following 
thermal neutron capture, but not following average resonance capture. The assign-
ments or have therefore been assumed, although a possibility cannot be 
completely ruled out. 
5. Discussion 
Since the first four low spin states of 189, 191, '9'0s show a similarity in (d, p) cross 
section patterns among themselves and to the patterns in 185, ' 87 W, Benson et al. 1, 7) 
have interpreted these states within the framework of the Nilsson model as members 
of the 4- [512] and [510] rotational bands. These authors attribute the fact that 
these orbits remain at such a low excitation energy throughout this region to a 
decrease in the quadrupole deformation, which allows several high-K orbits to cross 
below the [510] state leaving this orbit or the [512] orbit as the ground state 
throughout these nuclei. The tentative assignments of 7 , [503] and , [510] 
made by Benson et al. 7)  for the states at 455.8 and 399.0 keV respectively are shown 
to be in error by the present results which give assignments for each. Since the 
earlier assignments were made by analogy to the ' 890s and 19105 level schemes, 
the spin assignments for the corresponding two states in each of these nuclei should 
be reexamined. 
The higher lying states cannot be assigned to specific Nilsson orbits due to the 
extensive fragmentation of strength known 8, 13) to occur in this region. This 
fragmentation is not unexpected in view of the low-lying vibrational excitations 
characteristic of these nuclei. It has proved 8.13)  fruitful, however, to analyse these 
states in terms of summations of (d, p) cross sections. With the use of the average 
TABLE 4 
Fragmentation of Nilsson strength °) 
'"Hf 183 184\y b) I85 187 191 0s 1930s 
exp 1364 1045 < 641 > 1025 1656 1602 662 
J° = f, 	theory 1866 1829 2066 1829 1829 1791 1791 
R = 
exp 
0.73 0.57 < 0.31 > 0.56 0.90 0.89 0.37 
th 
exp 618 641 1830 1124 
, 	theory 2309 2309 2262 2262 
R = 
exp
- 0.27 0.28 0.81 0.50 
th 
°) The entries are summed (d, p) cross sections for the spin-parities indicated. They are in jib/sr 
at 900 or 950 cm. and Q-reduced to 3.0 MeV. Theoretical sums were calculated with 8 2 = 0.2, e = 0, 
p = 0.42, ic = 0.0637 and A = 191 for the orbits listed in table 6 of ref. 8) 
b)  The entries for ' 84W are for. the 0, 1, and 2 states arising from the coupling of the ' 83 W target 
configuration 4[510] to the [501] and 4[501] orbitals, which give rise to the sums for the odd mass 
nuclei, and to the [503] orbital which also leads to a K = 2 excitation. 
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capture results, one can separate the summations into ones for f = 	, 4 states 
and J 	4, 	states. 
Table 4 gives the summed experimental and theoretical (d, p) cross sections at 90 0 
or 950 (c.m.) to high-lying states, not assigned to specific Nilsson orbits, in 179 Hf, 
183, 184, 185, l87 	191.19305 The experimental numbers for all but ' 930s are taken 
from refs. 8.13),  where for the J" = 	states in 191 0s the second set of values 
in table 4 of ref. 8)  is used. For detailed specifications of the extraction of these sums, 
reference should be made to the captions of table 2 of ref. 13)  and tables 4 and 6 of 
ref. 8)  For the (d, p) cross sections, use was made of refs. 6.7 • 13, 17- 20) 
	
For 1930s, the J" = 	, 	summation includes those levels listed in table 2 
excluding the first three which are already assigned to the 	[510] and - [512] 
orbitals. The i" , 	summation comprises all other levels populated in the 
(d, p) cross section study of ref. 7),  again excluding the first three levels and excluding 
the 1085 keV level which the present work has shown to have j' = 	, (see sect. 3). 
The theoretical entries in table 4 are calculated for U2 = 1. They are obtained, as 
indicated in refs. 8, 13), by summing the results of DWBA calculations over the 
relevant Nilsson orbits and i" values. The small variations for the odd-A nuclei are 
due to the Z-dependence of the DWBA cross sections. 
Casten et al. 1,13  ) have studied the fragmentation of Nilsson model strength in 
this region. They suggest that the sudden loss of and strengths at high energies 
observed in 183,  184w, evident from table 4, can be explained by a peaking of the 
hexadecapole deformation, and that the recovery of most of this strength in ' 91 0s 
is due to the lower e 4 deformations expected as the closed shell is approached. A 
decreasing C4  leads to a reduction in energy of the higher lying - [501] and 9[5 01] 
orbits, and such a trend is borne out empirically by the decrease (with increasing 
mass) in the centroid energies of the strongly populated 9 and  4 levels not belonging 
to the 9[510] and 9[512] orbits. This trend is indeed continued in ' 930s but it can 
also be seen from table 4 that the summed j" = 9, 9 strength again falls strongly 
in ' 930s. 
The significance of the present data in clarifying and extending this type of de-
scription for the Hf-Os region will be discussed in detail in a separate paper 21). 
However, the conclusions can be summarised briefly. The main empirical change in 
deformation between ' 91 0s and 1930s is a drop in 821  which brings the 9[501], 
9[503] and 9[501] orbits much closer to the Fermi surface, and results in the 
9[512] and [5 10] orbits dropping further below the Fermi surface. This change 
manifests itself in an increase in the observed (d, p) cross sections for the 9, 	[5 10] 
and 9, 	[512] states, caused by enhanced mixing of these with the 9[501], 
9[501] and 9 [503] orbits, and is further confirmed by the 9 spin assignments 
made from the present data. Empirically, the overall degree of fragmentation is less 
in 1930s, and this is to be expected if the 9[501] and 9[503] orbits now have much 
lower excitation energies, and thus couple to a lesser extent with the vibrational 
excitations. In such circumstances, a more quantitative description should be possible. 
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It was therefore considered worthwhile to attempt a Coriolis calculation for the 
states below 600 keY in 1930s. In this region, such a calculation cannot be expected 
to reproduce in detail the experimental energies and cross sections, but rather the 
broad features of the states, such as the large observed (d, p) cross sections for the 
second 4- and first A- - levels, in order to perform these calculations, it is necessary 
first to use some plausible arguments to remove remaining ambiguities in some of the 
spin assignments. 
A 4- spin is favoured for the 544.6 keV level, since the observed (d, p) strength to 
this level is larger than the total 4- strength which can be expected from the available 
orbits. The average resonance data indicates that there are no4-  or  4- states between 
435.0 and 889 keV. Hence, discounting the possibility of three 4- bands, the three 
levels at 233.9, 307.1 and 435.0 keV must consist of one 4- and two 4-  states. Since 
the decoupling parameter of the 4-[501] orbital is positive, this implies that the 
highest state is 4-. The roles of the other two states could possibly be interchanged, 
but this is not likely to affect the overall conclusions arising from the calculations 
which follow. 
The Nilsson orbitals involved in the Coriolis calculation, were the 4-[510], 
4-[501], 4-[512], 4-[501] and 4[503] states, and the j - matrix elements were 
taken from a Nilsson model calculation with parameters p = 0.39, K = 0.0636, 
= 0.10 and E, = 0.02, using the code CJ [ref. 22)],  Similarly, the theoretical value 
for the decoupling parameter of the 4[501] orbital was used (1.05), while the 
decoupling parameter of the4- [510] state was taken as 0.5, compared to a theoretical 
value of 1.01. Such a change is not unreasonable, since this parameter results from a 
cancellation of contributions from several j-values, and is thus very sensitive to 
deformation. The bandhead energies and a single inertial parameter and overall 
reduction factor for the Coriolis elements were allowed to vary, the values found for 
the latter two being 29.3 keV and 0.41 respectively. The resultant bandhead energies 
(with one exception) were found to be in excellent agreement with the Nilsson model 
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Fig. 5. Positions of the Nilsson orbitals resulting from the potential parameters assumed for theCoriolis 
calculations. The suggested position of the Fermi surface is also indicated. 
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Fig. 6. Comparison of predicted and experimental (d, p) cross sections for ' 93 0s. The experimental data 
are taken from the Q-reduced values of ref. 7).  Levels not populated in the (d, p) reaction are denoted by 
blank circles. ) Half of the calculated value has been plotted. 
4[501] orbitals, as shown in fig. 5, thus bringing the 4[510] and 4[512] hole 
states, and [501], [503] and 4[501] particle states rather low in excitation 
energy. Their consequent proximity, coupled with the large inertial parameter, 
results in important Coriolis mixing effects, and the results of the calculation are 
displayed in the form of experimental and theoretical (d, p) cross sections in fig. 6. 
However, the position of the 4 [50l] bandhead had to be lowered by 850 keV from 
its theoretical position. Coupled with the low value for the Coriolis reduction factor, 
this tends to indicate that the orbits may still have non-negligible admixtures of 
vibrational excitations. The overall correspondance between theory and experiment 
is gratifying, since the parameters used correspond, with the exceptions mentioned 
previously, to the predictions of the Nilsson potential. 
Several points of interest emerge from an examination of the wave functions of the 
coupled states. The large observed (d, p) cross sections to the second 4 and first 4 
states at 102.7 and 72.9 keV, and the accompanying lack of cross section to the first 
- and second 4 states, is a characteristic pattern which appears in this region. A 
simple consideration of these states as members of the unperturbed 4[501] and 
4 -  [512] bands would predict that the 4 -  and4 strengths should be shared roughly 
equally by each pair of states. The present calculations for ' 930s reproduce the 
observed pattern well, and indicate that it arises from a transfer of strength from the 
4[501] and 4[503] orbits to the second 4 and first 4 states, due to the Coriolis 
mixing. It is also encouraging to note that this mixing does not result in predicting an 
excessive cross section for the intermediate 4 states, and in particular, the second 
4 state at 295.7 keV which is not populated in the (d, p) reaction. Thus it is now 
clear that the similarity in (d, p) cross section patterns for the first four low spin 
states in ' 930s and i85. 187 W is fortuitous rather than indicating that the corre-
sponding states of each of the nuclei have the same structure s In 185.  ' 87 W, the large 
cross sections to the second 4 and first 4 states result chiefly from Coriolis mixing 
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between the[5lO] and 	[512] bands alone. The amplitudes of these two orbits 
interfere constructively in one of the two (or ) states, and destructively in the 
other, thus depositing all of the cross section in only one state in each case. In 1930s, 
the [510] and [512] orbits have fallen well below the Fermi surface (see fig. 5) 
and in fact, they can no longer, alone, contribute sufficient strength to account for 
the observed cross sections. Instead, as already explained, these cross sections arise 
mostly from the [501] and[503] orbits, which are now much lower in excita-
tion energy. This interpretation has been suggested previously for 189,191,1930s by 
Benson etal. 23)  on the basis of the general behaviour of the expectedand (d, p) 
strengths from the Coriolis mixed N = 5 orbits, as the deformation decreases. The 
specific calculation presented here for 1930s confirms this idea and leads, for the 
first time, to a plausible interpretation of the structure of the other low-lying states. 
As mentioned previously, and despite the success of the Coriolis calculation in 
reproducing the essential characteristics of the levels below 600 keV, it is evident 
that a significant degree of fragmentation of the [501] state could explain both the 
need to alter its theoretically predicted position, and the small observed (d, p) cross 
section to the bandhead at 307.1 keV. This observation also applies, to a lesser extent, 
to the 4 [503] orbital. The largest fraction of the cross section for the 4, [503] 
state is predicted to appear in the 544.6 keV level, while it can be seen from fig. 6 
that the observed cross section is considerably smaller. In fact, if it is assumed that 
all the P + -1 - , 	states below 1100 keY, populated in the (d, p) reaction, have 
= 	, then the sum of their measured cross sections is in excellent agreement 
with the sum of the predicted cross sections for the fivestates arising from the 
orbits of fig. 5. Such an assumption is reasonable, since the average resonance data 
shows unambiguously which states have Jfl , 4,  and none of the Nilsson 
states in this region have significantstrength. 
It should be remarked that, considering the intermediate core shapes appropriate 
to 192  Os and ' 940s [ref. 4)],  it is perhaps surprising that a Nilsson model inter-
pretation meets with even a moderate degree of success. The small equilibrium 
deformation expected for ' 930s, and, indeed, the non-rotational aspects of the 
core, invoke the possibility of treating such nuclei in a basis of spherical single 
particle states coupled to the excitations of an even-even core. The fact that the wave 
functions of Kumar and Baranger, when expressed in terms of phonon model 
overlaps, are rather simple, further suggests the likelihood that the lowest states of a 
nucleus such as 193 0s may be usefully tested in such a formalism. This type of de-
scription has the advantage that the experimental energies and B(E2) values in the 
even-even core can be used to describe the core matrix elements, as in the formalism 
of Castel et a! 24) Thus the problem of describing the low-lying vibrational excita-
tions no longer exists, since the assumption of a rotational core is no longer being 
included in the description of the single particle potential. 
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6. Summary and conclusion 
The present work has added several new levels and a large number of new transi-
tions to the knowledge of the 19305  level scheme. The latter information, combined 
with the average resonance data, has led to a significant clarification in the spin 
assignments, and to a complete set of 4, - states up to 1700 keV. Clearly all states 
have not been observed since there are no candidates for the low-lying states 
associated with the low spin configurations near the ground state. However, the 
study has provided the data necessary to extend and clarify the understanding of the 
fragmentation of Nilsson strength in this region, a subject which will be dealt with 
in detail in a separate publication. One result of such an approach is the suggestion 
that the degree of fragmentation has become much less in 113  Os, and this has led 
to the Coriolis calculation of the present work. The qualitative success of this calcu-
lation gives a revised understanding of the structure of the low-lying excitations in 
this nucleus. 
The possibility of an alternative basis in which to treat odd mass nuclei in this 
region has been briefly discussed, and such calculations are at present being attempted. 
It should be remarked, however, that 19305  is not an ideal candidate for such an 
approach, since it is known that the core shape changes significantly between "Os 
and ' 940s [ref. 4)].  In addition, the lack of (d, t) data for this nucleus implies an 
insufficient knowledge of the pairing factors associated with the relevant single 
particle states. A better nucleus to study in this type of formalism would be 195 Pt. 
Here, both (d, p) and (d, t) data are available, and the intermediate core shapes 
associated with 194Pt and 196  Pt are similar and relatively well understood. Experi-
ments are therefore planned. to investigate the level structure of this nucleus. 
References 
K. Kumar, Phys. Rev. Cl (1970) 369 
F. T. Baker, T. H. Kruse, W. Hartwig, 1. Y. Lee and J. X. Saladin, Nuci. Phys. A258 (1976)43 
J. A. Cizewski, R. F. Casten, G. J. Smith, M. L. Stelts, W. R. Kane, H. ,G. Börner and W. F. Davidson, 
Phys. Rev. Lett. 40 (1978) 167 
R. F. Casten, A. 1. Namenson, W. F. Davidson, D. D. Warner and H. G. Börner, Phys. Lett. 76B 
(1978) 280 
D. Benson, P. Kleinheinz and R. K. Sheline, Phys. Rev. C14 (1976) 2095 
D. Benson, P. Kleinheinz, R. K. Sheline and E. B. Shera, Z. Phys. A281 (1977) 145 
D. Benson, P. Kleinheinz and R. K. Sheline, Z. Phys. A285 (1978) 405; 
D. Benson, Thesis, Florida State University, unpublished 
R: F. Casten, R. C. Greenwood, M. R. Macphail, R. E. Chrien, W. R. Kane, G. J. Smith and J. A. 
Cizewski, NucI. Phys. A285 (1977) 235 
H. G. Börner, P.. Göttel, H. R. Koch, J. Pinston, R. Roussille and P. van Assche, Proc. Second 
Int. Symp. on neutron capture gamma-ray spectroscopy and related topics, 1975 (Reactor Centrum 
Nederland, Petten, 1975) p.  691 
L. M. Bollinger and G. E. Thomas, Phys. Rev. C2 (1970) 1951 
L. M. Bollinger and G. E. Thomas, Phys. Rev. Lett. 18 (1967) 1143 
R. C. Greenwood and C. W. Reich, Nuci. Phys. A223 (1974) (6 
R. F. Casten, D. Breitig, 0. A. Wasson, K. Rimawi and R. E. Chrien, NucI. Phys. A228 (1974) 493 
' 930s 
	 31 
M. L. Stelts and R. E. Chrien, Nuci. lnstr., to be published; 
M. L. Stelts and G. C. Browne, Nuci. lnstr. 133 (1976) 35 
R. H. Price and M. W. Johns, NucI. Phys. A187 (1972) 641 
K. Siegbahn, Alpha-, beta- and gamma-ray spectroscopy, vol. I (North-Holland, Amsterdam, 1965) 
p. 854 
F. A. Rickey Jr. and R. K. Sheline, Phys. Rev. 170 (1968) 1157 
M. N. Vergnes and R. K. Sheline, Phys. Rev. 132 (1963) 1736 
R. F. Casten, P. Kleinheinz, P. J. Daly and B. Elbek, Mat. Fys. Medd. Dan. Vid. Selsk. 38 (1972) no. 13 
P. Kleinheinz, P. J. Daly and R. F. Casten, NucI. Phys. A208 (1973) 93 
R. F. Casten and D. D. Warner, to be published 
B. Nilsson, Program CJ, unpublished 
D. Benson, P. Kleinheinz and R. K. Sheline, Nukleonika 20 (1975) 169 




LEA: 	Nuclear Physics A323 (1979) 349-391; © North-Holland Publishing Co., Amsterdam 
3.A Not to be reproduced by photoprint or microfilm without written permission from the publisher 
THE LEVEL STRUCTURE OF 196Pt 
J. A. CIZEWSKI 
State University of New York, Stony Brook, New York 11794 
and 
Brookhaven National Laboratory, Upton, New York, 11973 
R. F. CASTEN, G. J. SMITH, M. R. MACPHAIL t,  M. L. STELTS and W. R. KANE 
Brookhaven National Laboratory, Upton, New York 11973 
and 
H. G. BORNER and W. F. DAVIDSON 
Inst itut Laue-Langevin, 38042 Grenoble, France 
Received 29 December 1978 
(Revised 12 March 1979) 
Abstract: The ' 95Pt(n, y)' 96 Pt reaction has been investigated with the use of numerous experimental 
techniques. A level scheme has been established consisting of 58 levels below 2.5 MeV, most of which 
are assigned J" values of O, l, or 2. Average resonance capture measurements have led to the 
identification of all 0', 1, or 2' states below 2.5 MeV and the location of the pairing energy gap at 
1.8 MeV. All positive-parity states in "'Pt below the energy gap can be understood in terms of the 
0(6) limit of the interacting boson approximation (IBA) model. In addition to the positive-parity 
states, a number of probable negative-parity states have been identified. These states can be 
understood in terms of a model involving partially decoupled bands. 
NUCLEAR REACTIONS ' 95 Pt(n, y), E = thermal, 11.9 eV, 19.6 eV and 2 keV. Measured 
E, I, yy-coin. 196 Pt deduced levels, transitions J, it. Ge(Li) detectors, curved-crystal 
spectrometers. Enriched targets. 
NUCLEAR STRUCTURE. 0(6) limit of interacting boson approximation model, negative 
parity decoupled bands. 
1. Introduction 
The W-Hg nuclei comprise an extremely complex region which has heretQfore 
been interpreted with the introduction of numerous coexisting and competing 
degrees of freedom. While the high-spin states of many of these nuclei have been 
extensively studied 13),  rather less is known about the low-spin states, especially 
those in the region 1-3 MeV. Recently, complex level schemes stressing these low-
spin states have been developed for several even-even Os and Hg nuclei 46)•  These 
Present address: Los Alamos Scientific Laboratory, Los Alamos, NM 87545. 
t Present address: United Kingdom Energy Authority, Cheshire, England WA3 6AT. 
Permanent address: KFA-Julich, D-5170 JUlich, Germany. 
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results make particularly useful a similar study in the Pt nuclei, in particular of 
"'Pt which is accessible via the (n, y) reaction on the stable target ' 95 Pt. Of special 
interest are the 0 states in ' 96 Pt since those in 188,1900s exhibit unexpected decay 
properties 7)  which are difficult to understand without the broader perspective of 
extensive systematics. All of these O'states in 188, 190Os preferentially populate the 
second rather than the first 2 state and this in turn suggests 
7)  an interpretation 
based on some sort of hierarchy of multi-phonon states. Thus, the recent develop-
ment of the interacting boson approximation (IBA) model 8)  by lachello and Arima 
offers a timely occasion for further study in this region, in particular of the centrally 
located nucleus, 196 Pt. 
A principal result of this study, already briefly reported 9), is the interpretation 
of the level scheme of "'Pt in terms of a new nuclear symmetry, the 0(6) limit 10) 
in the terminology of the IBA. 
The next two sections describe the experimental procedures and results. Sect. 4 
discusses the level scheme of positive-parity states in term's of the 0(6) limit. In 
addition, the low spin negative-parity levels are interpreted in terms of partially 
decoupled bands. 
2. Experimental procedures 
"'Pt has been extensively investigated via the (n, y) reaction with many different 
techniques at two research reactors: the Brookhaven National Laboratory (BNL) 
high flux beam reactor and the high flux reactor at the Institut Laue-Langevin (ILL) 
in Grenoble, France. The different components of this investigation will be separately 
discussed. The results are summarized in tables 1-4. 
2.1. MEASUREMENT OF LOW-ENERGY y-RAYS AT BNL 
Gamma rays from 300-2500 keV were studied at thermal and 11.9 eV resonance 
neutron energies at the BNL reactor. The thermal beam was obtained with a quartz 
filter while the epithermal energy neutrons were provided by a monochromator 
facility which has been described elsewhere 11). Both natural and enriched (97.28 % 
' 95 Pt) targets of various weights were used. In addition, off-resonance measurements 
were performed at 10 eV. All y-ray spectra were recorded with one of several large 
( 40cm 3) Ge(Li) detectors with typical resolution of 2.5 keV at 1.33 MeV. A portion 
of a spectrum obtained with thermal energy neutrons is shown in fig. 1. Energy 
calibration was performed with a calibrated precision pulser and standard radio-
active sources. The efficiency calibration of the several Ge(Li) detectors was based 
on the method of Kane and Mariscotti 12) The results from the Ge(Li) detector 
measurements are presented in table 1. 
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Fig. I. A portion of the thermal low-energy ' 95 Pt(n, y)' 96 Pt spectrum obtained with a Ge(Li) detector. 
Several transitions in 196  Pt are labelled. A "C" indicates a contaminant line. 
2.2. HIGH-RESOLUTION MEASUREMENT OF LOW-ENERGY SPECTRA AT THE ILL 
To detect very low-energy y-rays and to obtain extreme precision for y-rays up 
to about 1500 key, ' 95 Pt (n, y) studies were performed at the ILL reactor with the bent-
crystal spectrometers GAMSI and GAMS23. The y-rays emitted following neutron 
capture are diffracted from the curved quartz crystals of the GAMS spectrom- 
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TABLE I 
Low-energy y-ray Transitions in 196 Pt 
Thermal b) 	11.9 ev' 
	Placement 
E(E)a) 	 I(I) I(I) 	Initial 	Final 	Comments' 
138.178(4) 1.1(3) 1015 876 
176.830(3) 2.6(7) 2.7(9) 1447 1270 
191.164(6) 0.9(3) 
192.903(10) 0.8(2) 0.8(2) 
201.769(6) 0.7(2) 1604 1402 
208.733(2) 4.8(15) 1.3(4) 
209.642(6) 1.2(4) 
225.810(18) 0.7(3) 2488 2262 
226.270(3) 1.3(3) 1.2(6) 1361 1135 
242.858(17) 0.26(12) 1847 1604- 
243.119(18) 0.20(10) 





293.522(10) 0.8(3) 2.1(4) 2262 1968 
307.616(9) 1.6(3) 1.7(3) 1754 1447 
310.588(8) 0.4(2) 
315.58(8) 0.5(2) 1677 1361 
316.265(30) 0.9(5) (2204 1888) 
326.349(4) 85(7) 96 	(9) 1015 688 
332.983(2) 411(33) 379 	(36) 688 355 
345.973(7) 0.9(2) 
346.541(3) 6.6(11) 2.7(10) 1361 1015 
355.684(2) 1000 1000 355 0 
357.729(9) 0.7(2) 
369.455(48) 0.4(2) 2383 2013 
370.765(44) 0.18(13) 
372.292(22) 0.20(9) (2126 1754) 
378.675(14) 3.2(4) 2.7(4) 1825 1447 
383.748(3) 0.9(3) 
385.161(13) 0.8(3) 0.36(13) 
393.346(7) 10.3(8) 14 	(2) 1270 876 
402.130(7) 1.3(2) 2204 1802 
416.443(6) 1.4(4) 3.2(5) 
1293 876 
418.102(28) 0.7(2) 1.23, 
418.726(27) 0.7(2) 2403 1984 
423.004(27) 1.3(2) 2.4(5) 1825 140 
423.7(3) 0.6(2) 2422 1999 
430.2(3) 0.60(14) 2443 2013 
431.982(24) 2.6(4) 2.5(3) 1447 1015 
440.709(9) 0.8(4) 0.9(3) 1802 1361 
443.258(9) 1.0(2) 2245 1802 









b) 11.9 eV 
I(tI) 
c) Placement 
Initial 	Final 	Comments 
461.863(26) 0.27(6) 2309 1847 
464.126(9) 0.60(13) 1825 1361 
470.567(19) 0.15(5) 0.6(3) 2324 1853 
484.438(11) 2.2(7) ., 1754 1270 
484.707(25) 1.4(4) ?2.0
,
6. 1361 876 
521.175(5) 60(6) 78 	(10) 876 355 
522.440(11) 3.7(10) 2126 1604 
526.576(26) 0.39(11) 1888 1361 
540.333(26) 1.0(2) 
541.174(7) 3.1(7) 3.9 0) 
 
1 	" 	' 1988 1447 
541.942(20) 0.7(2) 1677 1135 
560.354(10) 1.2(3) 1853 1293 
566.174(8) 3.6(9) 1968 1402 
566.552(42) 0.8(2) 2' (2013 1447) 
568.849(28) 0.40(13) 2422 1853 
570.203(18) 1.4(4) 1.9(2) 1447 876 
587.423(17) 0.6(3) 
589.434(20) 0.6(3) 0.83(13) 1604 1015 
590.00(9) 0.6(4) 
594.206(33) 0.7(2) 
604.616(7) 8.3(7) 10.9(8) 1293 688 
623.339(46) 1.2(2) 1984 1361 
626.636(18) 1.2(2) 1.0(4) 1988 1361 
632.80(6) 0.43(12) 
639.701(32) 0.50(11) 2527 1888 
641.117(42) 1.2(2) 0.51(11) (2245 1604) 
645.950(30) 1.6(4) 0.93(14) (2093 1447) 
656.5(6) 0.7(4) 
659.389(12) 3.7(8) 5.0(4) 1015 355 
662.188(16) 1.9(4) 0.9(2) 1677 1015 
663.950(28) 1.3(2). 1.1(2) 
665.988(24) 1.0(5) k0 
666.988(32) 0.5(3) 2' 1 	" 	/ 1802 1135 
672.900(7) 30(2) 23 	(2) 1361 688 
677.341(30) 1.1(4) 2124 1447 
690.403(12) 2.4(4) 1825 1135 
698.225(40) 1.7(3) 2667 1968 
705.652(36) 0.9(2) (1999 1293) 
715.3(4) 0.7(2) 0.64(14) 2162 1447 
2469 1754 
726.0(7) 1.8(4) 2.0(3) 2087 1361 
2403 1677 
727.581(23) 7.1(14) 7.6(6) 1604 876 
748.66(6) 1.0(4) 26(7 1918 
749.996(44) 0.7(3) 
752.823(14) 2.0(3) 0.9(2) 1868 1135 
758.358(10) 6.(2) 8.2(7) 1447 688 
761.482(16) 2.3(3) 0.8(3) 2365 1604 
770.8(4) 0.6(4) 2375 1604 
775.1(5) 0.5(2) 2529 1754 
779.630(7) 39(3) 22 	(2) 1135 355 
800.375(47) 0.8(2) 1677 876 
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TABLE I (continued) 
Thermal 	11.9 eV 	Placement 
E(E)a) 	 I(I) I(I) Initial Final 	Comments 
813.801(50) 1.1(2) 
817.112(20) 3.3(3) 3.7(3) 2087 1270 
825.0(6) 1.1(5) 
833.581(50) 5.0(5) 2.3(7) 1968 1135 
849.74(9) 0.7(2) 0.7(3) (1984 1135) 
854.182(32) 1.6(3) 2.4(3) 2124 1270 
864.72(8) 0.72(15) 0.9(3) (2667 1802) 
877.769(31) 1.9(3) 3.2(4) 1754 876 
885.3(6) 1.6(5) 
915.80(6) 6.5(6) 8.8(7) 1604 688 
918.81(14) 1.8(2) 1.5(6) 2365 1447 
937.62(7) 1.4(2) 1293 355 
947.4(6) 1.2(5) 2309 1361 
955.37(13) 0.60(12) 1.1(2) 
956.4(5) 1.5(5) 2403 1447 
961.4(3) 1.9(5) 
969.94(12) 0.8(2) 1984 1015 
976.34(5) 1.7(3) 2.0(5) 
988.54(7) 3.1(4) 2.3(3) 1677 688 
1005.894(20) 24(2) 22 	(2) 1361 355 
1029.0(5) 0.9(3) 1.2(5) 
1031.93(8) 2.0(4) 2.5(5) 2046 1015 
1042.4(6) 0.7(3) 2403 1361 
1047.044(20) 30(2) 35 	(4) 1402 355 
1048.3(7) 40(12)e) 8 	(2) 2183 1135 
1055.91(14) 0.8(2) 
1062.66(6) 2.4(5) 0.7(2) 2667 1604 
1069.4(2) 1.5(4) 2.0(4) 2204 1135 
1080.5(4) 0.7(3) 0.6(3) 2527 1447 
1091.331(17) 30(2) 33 	(2) 1447 355 
1096.0(3) 2.4(4) 
1101.6(2) 3.4(4) 
1106.6(2) 4.4(8) 2.4(9) 1795 688 
1113.716(40) 6.4(6)9) 7.1(6) 
5.0(9)e) 1802 688 
1.4(7)e) 
1137.012(32) 6 • 0(8)9) 3.7(9) 
4.6(14)e) 1825 688 
1.4(7)e) 2013 876 
1143.53(5) 2.0(4) 2.2(5) 2505 1361 
1150.8(3) 1.5(3) 2443 1293 
1158.82(13) 1.2(2) 2.6(5) 1847 688 
1162.1(4) 1.5(4) 
1188.9(2) 1.0(2) 0.9(6) 2324 1135 
1199.496(36) 10(2) 4.8(14) 1888 688 
1204.1(2) 4.4(5) 4.(2) 
1210.2(4) 1.7(4) 1.4(3) 2087 876 
1222.6(9) 0.7(3) 
1227.6(14) 1.8(12) 
1229.65(13) 2.4(5) 3.3(12) 1918 688 
'96Pt 	 355 
TABLE I (continued) 
Thermal b) 	11.9 eV b) 	Placement E(E)a) 	 I(I) Initial 	Final 	Comments 
1243.94(7) 4.5(5) 3.6(5) 
1246.8(6) 2.6(8) 2262 1015 
1248.838(31) 16.3(14) 22 	(9) 1604 355 
1264.6(2) 3.3(6) 1.5(5) 2667 1402 
1272.6(5) 1.7(4) 1.6(4) 
1296.49(6) 7.5(10)9 10 	(2) 
3.0(10)e) 
4.5(15)e) 
1305.586(41) 10.4(7) 2.5(4) 2667 1361 
1311.8(6) 1.0(4) Q 1314.9(5) 1.1(4) Q 1321.741(38) 13.8(11)9) 10.2(8) 
9(3)e) 1677 355 
5(2)e) 
1328.4(3) 1.7(5) 
1330.6(5) 1.6(5) 2345 1015 
1334.3(3) 2.3(5) 2469 1135 
1353.0(4) 1.3(5) 1.8(7) (2229 876) 
(2488 1135) 
1358.30(8) 11.7(11) 12.0(13) 2046 688 
1360.4(3) 5.5(8) 7.0(11) 
1370.7(3) 2.0(5) 
1379.1(3) .1.8(6) 
1397.9(4) 1.5(5) (2087 688) 
1404.6(2) 4.3(5) 4.8(5) (2093 688) 
1422.3(3) 1.2(3) 
1428.7(3) 1.3(3) 2443 1015 
1439.38(6) 11.0(9) 12.3(9) 1795 355 
1446.84(12) 7.5(7 9)  8.5(6) 
4.5(10)e) 1447 0 
3.0(7)e) 1802 355 
1450.1(4) 1.9(5) 
1463.5(3) 3.7(6) 
1467.53(8) 8.4(8) 37 	(3) 1823 355 
1473.97(8) .9.0(15) 8.6(9) 2162 688 
1485.81(15) 3.6(8) 19.2(14) 2174 688 
1491.600(44) 23(2) 27 	(2) 1847 355 
1497.85(6) 12.5(11) 15.7(12) 1853 355 
1510.745(48) 13.3(11) 3.4(9) 2199 688 
1515.5(3) 1.9(6) 1.9(6) 2204 688 
1526.7(2) 2.3(14) 5.1(8) 2403 876 
1532.303(47) 20(2)9) 10.8(9) 
11(3)e) 1888 355 
9.(3)e) 2667 1135 
1562.850(48) 13.5(13) 28 	(3) 1918 355 
1573.5(3) 8 	(2) 2262 688 
1576.32(11) 7.5(11) 7 	(2) 1932 355 
1582.5(2) 3.7(6) 3.4(5) 
1604.3(3) 3.3(6) 6.4(10) 1604 0 
1613.1(3) 2.3(4) 1968 355 
1620.7(3) 5.7(10) 2309 688 
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Initial 	Final Comments d) 
1628.5(2) 5.7(5) 
1632.4(2) 8.8(7) 7.(2) 1988 355 
1635.2(2) 3.4(5) 13.9(12) 2324 688 
1643.4(2) 7.1(6) 3.0(14) 1999 355 
1646.0(5) 3.3(5) 6.6(14) 
1656.5(3) 3.1(4) 2345 688 
1661.9(5) 1.1(4) 2.2(5) 
1671.7(4) 2.0(5) 0.9(3) 
1674.7(5) 2.5(6) 
1677.5(2) 15(2) 13 	(2) 1677 0 
1686.6(3) 3.1(5) 3.5(9) 2375 688 
1691.7(2) 3.9(7) 6.1(8) (2046 355) 
1694.3(4) 2.6(6) 2383 688 
1713.6(2) 14(2) 24 	(2) 2069 355 
1726.1(3) 4.5(7) 
1731.9(3) 3.9(7) 6.6(10) 2087 355 
1736.9(2) 14.8(12) 13.0(11) (2093 355) 
1768.9(5) 2.9(7) 2124 355 
1771.5(3) 9.3(10) 6.8(8) 2126 355 
1791.3(9) 1.8(4) 
1795.0(3) 2.7(7) 2.9(4) 1795 0 
1799.5(4) 4.4(10) 2488 688 
1802.3(2) 26( 2 ) 37 	(3) 1802 0 
1807.3(2) 8.3(8) 10.6(13) 2162 355 
1818.6(2) 2.8(6) 22 	(2) 2174 355 
1826.0(2) 14.3(12) 13 	(2) 1825 0 
1829.2(2) 1.5(4) 
1839.4(3) 4.0(5) 0.8(4) 2527 688 
1848.7(4) 1.8(4) 2204 355 
1853.6(3) 2.5(4) 1853 0 
1863.7(5) 1.6(6) 
1870.0(7) 1.4(6) 1.4(4) 
1873.9(3) 7.5(8) 3.3(6) 2229 355 
1888.4(2) 15.2(12) 8 	(2) 1888 0 
1900.2(4) 1.7(6) Q 
1907.0(6) 1.7(4) 2262 355 
1910.8(5) 1.9(5) Q 
1929.8(3) 2.0(3) 
1953.1(6) 1.3(5) (2309 355) 
1958.0(6) 1.7(5) 
1962.0(6) 1.3(2) 
1969.1(2) 16(2) 14 	(2) 1968 0 
1971.8(3) 4.0(5) 
1976.6(8) 3.7(5) 
1978.6(2) 26(2) 5.0(6) 2667 688 




2066.5(3) 9.3(13) 2422 355 
2068.0(3) 5.3(12) 16.7(13) 
	
i 96 Pt 	 357 
TABLE I (continued) 
b) 	 b) 	 c) Thermal 11.9 eV Placement 
E(E)a) 	 I(tI) 	 I(1I) 	Initial Final 	Comments 
2104.4(3) 5.5(9) 3.4(5) 2460 355 
2114.4(3) 3.9(5) 4.1(9) 2469 355 
2132.9(7) 2.0(7) 2488 355 
2135.7(6) 1.8(7) 6.5(10) 
2149.1(7) 1.3(5) 2505 355 
2173.5(3) 5.6(6) 3.3(8) 2529 355 
2183.6(3) 8.4(11) 9.5(10) 2183 0 
2185.4(6) 2.8(9) Q 
2232.5(14) 3.3(9) Q 





2310.9(3) 21(2)9) 10 (2) 
11(2)e) 2309 0 
10(2)e) 2667 355 
2313.8(7) 2.8(15) 
2321.2(3) 3.8(5) 9.0(14) 
2333.9(5) 3.0(4) 
2341.4(5) 2.9(6) 
2351.0(3) 1.8(3) 7 	(2) 
2374.8(3) 5.6(5) 8.9(9) 2375 0 
2381.4(7) 1.3(3) 2.3(11) Q 
2392.6(4) 11.8(9) 3.1(9) 
2424.7(11) 2.1(8) 
2467.3(7) 3.5(11) k27 R 
2469.7(4)h) 12•0(14)9) / I R 
7.0(2)e) 2469 0 
5.o(2)e) 
2484.1(7) 1.6(4) 
2488.1(6) 2.6(4) 2488 0 
2492.7(10) 1.0(4) 
2505.2(4) 5.0(5) 2505 0 
2510.4(7) 1.3(4) 
) Weighted average of the energy in keV of 7-rays observed with GAMS] and GAMS23 spectrometers 
at thermal neutron energy and Ge(Li) detectors at thermal and 11.9 eV neutron energies. Errors on the 
last digit(s) are in parentheses. 
b)  Relative -j-ray intensity normalized to 1000 for 355 keV transition. 
) Energies of initial and final states between which transition is placed. Parentheses indicate that the 
placement is tentative; see text and ref. 25)  for detailed arguments. 
d)  The comments have the following meanings: 
Q - questionable line. 
intensity corrected to account for nearby impurity. 
R - unresolved multiplet for which our best estimates of centroids and intensities of the components 
are quoted. 
) Intensity taken from coincidence measurements. 
1)  Up to 10 °Y of the 1091 keV 7-ray intensity may be placed elsewhere in level scheme (in coincidence 
with 521 keV line). 
) Possible doublet from coincidence measurements. If doublet exists the intensities of the components 
are as quoted. 
b)  The energy cutoff for the low-energy 11.9 eV resonance study was 	2470 keV. 
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Fig. 2. A portion of the thermal ' °5 Pt(n, y)' 96 Pt spectrum obtained with the GAMSI spectrometer. 
Segments of the spectrum in first, second, and third order are presented. Several transitions assigned to 
"'Pt are indicated. An "R" labels spurious peaks which occur at the same -reflection angle. These 
originate from intense lines in other orders of reflection due either to pile up or to Compton plateau 
components falling within the windows set over the photopeaks corresponding to the first five orders of 
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eters and detected by Nal(Tl) scintillators. The angle through which a crystal is 
rotated is monitored with a laser-operated Michelson interferometer so that a given 
number of interference maxima and minima can be related to a corresponding dif-
fraction angle and, in a given order of reflection, to a specific energy. The GAMS1 
spectrometer is most useful for the energy region up to 600 keV while GAMS23 
are best suited for y-ray energies from 200-1500 keV. A more detailed description 
of the GAMS spectrometers is given in ref. 13) 
In the present study enriched (97.28 % ' 95 Pt) targets were supported in an aluminum 
frame and placed in an internal flux of 5.5 x 1014 n/cm 2 sec. A portion of a spectrum 
obtained with the GAMSI spectrometer is' shown in fig. 2. The energy error of 
the y-ray lines observed with the GAMS spectrometers is typically less than 10 eV 
for the strongest transitions below 700 keV. 
Due to the high flux at the GAMS target position, contaminant lines may arise 
from capture on target impurities or from multiple capture. The latter transitions, 
however, may frequently be identified by the growth of their intensities with time. 
In the present experiment, the spectra proved relatively free of contaminants, since 
the capture cross sections 14)  for 192, 194, ' 96 Pt are small compared to that (27 b) 
for "'Pt. Indeed, no y-rays belonging to the 192, 194, ' 96Pt(n, y) reactions 15,16) 
were observed. Also, no transitions corresponding to the decay of any nuclide 
produced in multiple capture on a Pt isotope were observed. As a further precaution, 
all transitions observed with the GAMS spectrometers between 300 and 1500 keY 
were required to be observed with consistent intensities in the Ge(Li) experiments 
at BNL. 
Below 300 keV it is frequently difficult to observe transitions at the BNL mono-
chromator facility because such transitions are superposed on the high background 
arising from other, intense, low-energy transitions. Since the GAMS measurements 
were free of contaminants of unknown origin, several of the strongest low-energy 
transitions, although not observed in the Ge(Li) investigations, are attributed to 
196  Pt. Above 2 MeV only Ge(Li) results were used. The data obtained from all 
low-energy y-ray investigations are summarized in table 1. 
2.3. THE y-y COINCIDENCE MEASUREMENTS (BNL) 
The y-y coincidence measurements were performed with a thermal neutron beam 
at the BNL monochromator facility. Two large ( 40 cm') Ge(Li) detectors were 
oriented perpendicularly to the beam direction on opposite sides of an enriched 
195 p target. Standard fast-slow coincidence timing techniques were employed with 
a typical resolving time of 40 ns. The dynamic ranges for the two detectors were 
0-2500 keV and 0-8000 keY so that both low-low and high-low coincidence events 
could be detected simultaneously. The data were event-mode recorded into a 4K x 4K 
matrix and subsequently analyzed off-line. 
The results are summarized in table 2. Two gates from which the relevant back- 
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TABLE 2 
Summary of y- -j' coincidence measurements following thermal neutron capture into 196 Pt 
Transitions ) 
Gate ) 
observed b) not inconsistent') ruled out d) 
307 333, 355 1091 
326 333, (346), 355, 432, (662), 1032, (1645) 
333 (307), 326, 355, 446, 604, (662), 673, 758, 916, 346, 432, 833, 1713, 1771 
(988),1106,1113, 1137,1199,(1305), 1358+1360'), 1032, 	1645, 1686 (2104), 	2173 
(1404), 1474, 1485, 1510,(1532), 1620, 1635, 1839, 
1978, P2666, (P2204), P2161, P688 
355 (307), 326, 333, (378), 393, 446, 484, 521, (541), 346, 417, 423, (1604), 1677, 
566, 604, (659), (662), 673, 727, 758, 779, (833), 432, 	570, 752, 1802, 	1826, 
916, 988, 	1006, (1032), 	1047, 	1091, 	1106, 	1113, 854, 	877, 	1137, 1888, 	1969, 
(1199), 	1248, 	1297, 	1305, 	1321, 	(1358+1360), 1210, 1264, 1645, 2183, 2245, 
(1404), 	1439, 	1446, 	1467, (1474), (1485), 	1491, 1686, 	1732, 2114 (2374), 2505 
1497, 1510,1532, 1562, 1576,1582,(1620),(1628), 
1632, (1635), (1643), (1692), 	1713, 	1736, 	1771, 
1807, 	1818, (1839), (1873), 	1978, 	2066, (2104), 
2173, 	2311, 	P2666, 	(P2311), 	(P2204), 	(P2161), 
P1888, P688, (P355) 
378 355, 1091 
393 355, 484, 521, 854 
417 355,521 
423 355, (1047) 
432 326, 333,355 
446 333, 355, (752), 833, (1532), (P2666) 541 
484 355, 393,521 
521 355, 393, (423) 1),  484, 570, 727, 854, 877, 1113, 417 1628 
(1137), (1210), 1248, 1297 
541 355, 779, (1091) 
566 355, 1047 
570 521 
604 333, 355 
659 355 
673 333, 355, 1305, P2666 
727 355, 521, (1096) 1199 
758 333, 355, (918) 307 
779 355, 752, 833, (1047), 1532, P2666 541 
833 (333), 355, 779 446 
916 333,355 
1006 355, 1305, P2666 
1047 355, 566, (779) 423, 1264 
1091 355, (378), (541) 307,918 
1199 333, 355, (727) 
1248 355,521 
1305 333, 355, 673, 1006, P2666 
1321 355 
1358+1360 333,355 
1485 333, (355) 
1491 355 
1497 355 
I96Pt 	 361 
TABLE 2 (continued) 
Transitions C) 
Gate C) 
observed b) 	 not inconsistent C) 	ruled out 1) 
1532 (333), 355, 446, 779, P2666, (P1888) 
1562 355 
1674 9 ) 333,355 	 - 
1713 355 
1807 (355) 
1978 333, 355, P2666 
2311 355, (P2666) 
P2666 333, 355, 673, 1006, 1265, 1305, 1532, 1978, 2311 	446,779 
C)  Nominal energies of y-rays in keV. Only well resolved multiplets are listed as such; multiplets where 
the components differ by I keV are listed by only one energy. A "P" preceding an energy indicates 
a primary transition feeding the Ieee/of this energy; it actually represents three high energy peaks. 
b)  Transitions actually observed in coincidence with the gating transition. A parenthesis around the 
energy indicates a tentative relation. 
C)  Transitions that are too weak, or otherwise obscured, and, therefore, not observed with sufficient 
strength in coincidence with the gating transition to justify a coincidence relation. This column is not 
complete, but rather only lists transitions of importance to this table or the decay scheme of 196 Pt. 
d)  Transitions of sufficient intensity so that they can be ruled out as being in coincidence with the 
gating transition. A parenthesis indicates that this assignment is only tentative. This column is not 
complete, but rather only lists the transitions of importance to the decay scheme of "'Pt. 
C)  Both components are observed in 333 keV gate, but only 1358 keV component can be placed. 
f)  A broad structure at 423 keV is observed in the 521 keV gate. However, this is not the 423.0 keV 
y-ray listed in table I. 
5) The 1674 keV transition is too weak to be observed in the symmetric gates. 
ground gate has been subtracted are illustrated in fig. 3. Most fairly strong transitions 
were observed in one or both of these gates. However, several transitions with 
adequate intensity to be detected were not observed. Several such transitions are 
listed in column 4 of table 2 and indicate that the transition is not in the specific 
gate. These results have important implications, since the failure to observe a suffi-
ciently strong line in the 355 keV gate, for example, can be taken as evidence that the 
transition directly feeds the ground state. Listed in column 3 of table 2 are several 
transitions which are of insufficient intensity to be unambiguously identified in a 
coincidence gate. Transitions in this column are not considered as coincidence 
relations, but rather only indicate that the coincidence results are not inconsistent 
with the adopted placement of the transition. 
2.4. HIGH-ENERGY RESONANCE (n, y) SPECTRA (BNL) 
Primary transitions following neutron capture on the 11.9 eV and 19.6 eV 
resonances in 196pt  were measured with large volume Ge(Li) detectors at the BNL 
monochromator facility. A natural target of 3.5 g and a 10 g enriched target were 
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Fig. 3. Two background subtracted y-y coincidence gates. The 333 keV transition has been placed 
deexciting the 688 keV level; the 355 keV transition has been placed deexciting the first excited state. 
Several transitions observed in these gates are indicated by nominal energies. The annihilation peak at 511 
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TABLE 3 

































































































1.4 (7) R 
2.2 (7)JR 
5.7(14) A R 









































2.0 (9) Q 5952.9(15) 
5922.2(15) 
3.5 (9) 5910.7(15) 
6.9(14) 
3.1 	(7) 5829.0(15) 
1.1 	(6) Q 
















E(AE) b) 	1(4 1) d) 
7922.4(11) 	59 (11) 






































5521.3(15) 	4.7(11) 	5520.2(15) 	13 	(2) 
5477.7(15) 	7.7(13) 
5451.9(15) 	6.9(14) 
5428 (2) 	17 (2) 
TABLE 3 (continued) 
365 
Thermal 	 11.9eV 19.6 eV 
E 	) 
E(AE) b) 1(4!) C) 	E(AE) b) 	J(4J)d) E(AE) b) 	1(4!)') 
2505.096(50) 5417.9 (8) 2.8 (8) 
31 
5393.7 (7) 23 	(2) 	U 	5392 	(2)) 	2.4 (7) 5392.9(15) 	24 	(3) 
2553.8 	(8) 5367.7(13) 2.0 (8) 	Q 
2614.5 	(7) 5307.6 (7) 26 	(2) 
2659.8 	(8) 5261.2 (8) . 	 16 	(2) 5262 	(2) 	20 	(3) 
2667.137(25) 5255.3 (7) 104 	(8) 
') Excitation energy in keV of state being fed by primary transitions. Errors on the last digit(s) are in 
parentheses. The energy quoted is the best value from both secondary and primary v-ray information. 
b) 
 Gamma-ray energy in key. Errors on the last digit(s) are in parentheses. 
C) 
 Relative intensity of y-rays from thermal spectrum normalized to 1000 units for 355 keY line. The 
comments after the intensity have the following meanings: 
Q - questionable line. 
- intensity corrected for nearby impurity. 
R - pair of partially resolved lines. The quoted energies and intensities are our best estimates for the 
components. 
U - broad peak, possible unresolved multiplet. The centroid energy and total intensity are quoted. 
d) 
 Relative intensity of v-rays from 11.9 eV spectrum normalized to 1000 units for 355 keV line. See 
footnote C)  for comments. 
') Relative intensity of y-rays from 19.6 eV spectrum normalized to 100 Units for 6518 keV line. 
See footnote C)  for comments. 
1) 
 The low-energy cutoff for the 11.9 eV resonance high energy experiment was 	5390 key. 
resolution was 	9 keV at 8 MeV. A portion of a high-energy spectrum observed 
on the 11.9 eV resonance is shown in fig. 4. Several high-energy transitions with 
their respective single and double escape peaks are indicated. The results of these 
measurements are summarized in table 3. 
2.5. HIGH-ENERGY THERMAL (n, y) SPECTRUM (BNL) 
Primary transitions following thermal neutron capture were recorded at the 
filtered beam facility at BNL. This facility consists of a collimator drum containing 
filters for different neutron energies. The details are discussed in ref. 1 7) The thermal 
beam is provided by a 28 cm long Bi single crystal filter. The primary y-rays are 
detected with a three-crystal pair spectrometer consisting of a central Ge(Li) detector 
surrounded by two NaI(Tl) detectors. By recording only those Ge(Li) detector 
events in triple coincidence with 511 keV pulses in the NaI(T1) detectors, a primary 
spectrum consisting only of double escape peaks and with a high peak to continuum 
ratio is obtained. This facility is further described in ref. 18).  A portion of a thermal 
high-energy spectrum is shown in fig. 5. The experimental results are summarized 
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Fig. 6. A portion of the high-energy t95 Pt(n, y)' 96 Pt spectrum following 2 keV capture. The y-radiations were detected with the three-crystal pair spectrom- 















2.6. AVERAGE RESONANCE CAPTURE MEASUREMENTS (BNL) 
As seen in table 3, the intensity of primary feeding of a particular final state varies 
considerably from resonance to resonance. This statistical variation in strengths is 
characterized by the Porter-Thomas distribution 19) which, for a single resonance, 
is given by a 2  distribution with one degree of freedom. However, if the results 
from capture into many resonances can be averaged, these fluctuations will be 
reduced. 
One simple way of obtaining such averaging is to employ a neutron beam with a 
distribution of energies. To this end, two filters are available at the filter beam facility 
at BNL [ref. 17)] For the present investigation, the Sc filter was used which yields 
a 2 keV neutron beam with an energy spread of 850 eV FWHM. Given the level 
spacing 14) <D> in 196Pt of 18 eV, the capture process is expected to average over 
40 resonances. This is sufficient to reduce the variance of the reduced partial 
widths in the distribution of primary intensities to 20-25 %. Since the capture state 
spins for s-wave capture are 0 -  and I -, El primary transitions will populate low-
lying 0', 1 + and 2 levels. Since only the 1 + levels can be reached from both capture 
state spins, the primary transitions to them should, on the average, be twice as 
intense as those to and 2 levels. Ml transitions to negative-parity levels will, 
on the average, be a factor of 	6 weaker in intensity. 
A portion of a spectrum obtained following 2 keV neutron capture into 196Pt is 
shown in fig. 6. To quantitatively assess and utilize the averaging obtained with this 
technique, it is useful to define reduced intensities obtained by dividing by an energy 


















Fig. 7. The reduced intensity of transitions observed in 196Pt following 2 keV capture. The reduced 
intensity is defined as I.,/E. and is presented in arbitrary units. The squares indicate O or 2 + states that 
had been identified as such in earlier fl-decay 20. 21) and (p, t) (ref. 22)) studies. The central solid line is 
the flat reduced intensity curve obtained from the known 0, 2 states. The dashed lines bracketing this 
line indicate the expected 21 % fluctuation in the reduced intensities. The upper solid line indicates the 
expected reduced intensity value for I + states. The short dashed line represents the limit of our sensitivity. 
368 
	 J. A. CIZEWSKI et al. 
TABLE 4 
High energy y-rays in 196 Pt observed in 2 keV capture 
E. ) E(LIE) 
b) I(AI) C) I/E d) 
fCC) 
0.000 7923.2(5) 100 0.94 0, 2 	(I) 
355.684 (2) 7567.8(5) 83(7) 0.97 
oF,  2 	(1 k ) 
688.672 (3) 7234.9(5) 83(7) 1.23 0, 1, 2 
1135.292 (7) 6788.1(6) 38(4) 0.77 0 + ,2 + (0, I 	2) 
1361.566 (4) 6562.0(6) 46(4) 1.12 0, I, 2 
1402.704(11) 6520.8(6) 34(4) 0.85 0 	2 	(I) 
1604.471(10) 6319.2(6) 33(4) 0.96 0, 2 	(I) 
1677.222(12) 6246.3(6) 27(3) 0.83 0 + , 2 	(1) 
1795.08 	(6) 6128.0(8) 16(3) 0.53 0, 2 	(0 - , V, 2 - ) 
1802.276 (9) 6120.9(7) 29(3) 1.00 0, 1, 2 
1823.21 	(8) 6100.3(6) 29(3) 1.01 0, IF
,  2 
1847.326(i8) 6076.2(7) 29(4) 1.01 0, 	I, 2 
1853.641(12) 6070.2(8) 18(3) 0.64 0, 
2F  (0, 1, 2 - ) 
1888.128(12) 6035.8(6) 47(5) 1.74 
IF (0 k , 2) D 
1918.497(38) 6005.3(7) 22(3) 0.81 0, 2F (1) 
1932.00 (11) 5991 .2(6) 33(4) 1.27 0, 	1, 2 
1968.879(13) 5954.8(6) 45(4) 1.75 1 + 
(OF ,  2) D 
1984.908(42) 5938.5(6) 35(4) 1.40 0, 1 + , 2 
1999.04 (15) 5923.1(8) 13(3) 0.54 0 + ,2 + (0, V, 2) 
2013.5 	(4) 5912.5(8) 14(3) 0.57 0, 2F (0, 1, 2 - ) 
2046.96 	(6) 5876.6(6) 44(4) 1.86 1 + (0, 2) D 
2069.3 	(2) 5854.2(6) 34(4) 1.47 0, 1, 2 
2093.0 	(3) 5831.2(6) 52(5) 2.25 1 + (0+,  2) D 
2126.911(15) 5796.3(7) 28(3) 1.25 0, 1, 2 
2162.68 	(7) 5762.3(6) 37(4) 1.70 0, 1, 2 	D 
2174.41 	(12) 5749.5(7) 16(3) 0.76 0, 2 + (0 - , V, 2) 
2183.6 	(3) 5740.5(6) 32(4) 1.52 0, 	1, 2 
2199.417(48) 5724.2(9) 17(4) 0.81 0, 
2.  (I f ) 
2204.406(12) 5719.3(9) 18(4) 0.87 0, 2 + (1 + ) 
2229.6 	(3) 5694.0(6) 31(4) 1.54 0, 1, 2 
2245.534(13) 5678.1(6) 34(4) 1.71 1 + (0 + , 2) D 
2262.401(16) 5661 .0(7) 17(3) 0.86 0, 2 + (1 + ) 
2270.2 	(7) 5653.0(7) 24(3) 1.23 0, 	1, 2 
2309.190(31) 5614.0(7) 26(3) 1.38 0, 	1,2' 
2324.205(22) 5599.5(7) 22(3) 1.18 0, 	1, 2 
2345.3 	(3) 5578.7(7) 22(3) 1.20 0, 	I 	, 2 
2365.951(19) 5556.9(7) 27(3) 1.50 0, 1, 2 
2375.1 	(2) 5549.4(7) 25(3) 1.39 o 	1, 2 
2383.0 	(4) 5540.8(7) 21(3) 1.17 0, 	1, 2 
2403.632(49) 5523.1(7) 17(2) 0.99 0, 2 + (1 + ) 
2422.490(30) 5502.1(7) 26(3) 1.53 0, 	1, 2 
2443.9 	(2) 5480.2(7) 17(3) 0.99 0, 2 + (1 + ) 
2460.1 	(3) 5464.2(7) 17(3) 1.00 0, 	1+,2 + 
 
2469.9 	(2) 5453.8(7) 24(3) 1.47 0, 	1, 2 
2488.211(24) 5435.8(8) 17(3) 1.03 0 
2493.5 	(II) 5430.0(8) 18(3) 1.12 0, 	1, 2. 
2505.096(50) 5419.4(8) 11(3) 0.69 0 + , 2' (0 - , 1, 2) 
2527.831(34) 5395.3(6) 33(4) 2.10 1 + (0 + ,2) D 
	
196Pt 	- 	 369 
TALF 4 (continued) 
E. ') 	 E(AE) b) 	 I(zlI) C) 	I/E d) 	 J ) 
2553.8 	(8) 	5369.9(8) 	 10(2) 	 0.67 	 0, 2 (0, I 	2 - ) 
2570.8 	(7) 5352.4(7) 18(3) 1.23 0, l, V 
2586.9 	(7) 	5336.3(7) 	 18(2) 	 1.20 	 0, 1 + ,2 + 
2599.1 	(9) 5324.1(9) 9(2) 0.58 0 + , 2 (0, 1, 2) 
2606.8 	(8) 	5316.4(8) 	 14(2) 	 0.99 	 0, V (1 . ) 
2614.5 	(7) 5308.8(7) 15(2) 1.04 0 + , I 	V 
2629.9 	(8) 	5293.3(8) 	 10(2) 	 0.72 	 0, 2 (0, 1, 2 - ) 
2659.8 	(8) 5264.9(7) 22(3) 1.56 0, 1, 2 
2667.137(25) 	5257.3(7) 	 19(3) 	 1.37 	 0 + , I 	V 
C)  Excitation energy in keV of state being fed by primary transitions. Errors on the last digit(s) are 
in parentheses. The energy quoted is the best value from both secondary and primary y-ray information. 
b) Gamma-ray energy in keV. Errors on the last digit(s) are in parentheses. 
C)  Relative intensity of 7-rays from 2 keV spectrum normalized to 100 units for 7923 keY line. 
d) Intensity of 7-ray divided by energy of y-ray to the fifth power. The reduced intensities are given in 
arbitrary units. 
C)  Spin-parity implied by I/E from 2 keV study. The following -convention was adopted: 
= > 1.7 	 = 1 + (0 k , 2), possibly doublet (D) 
1.7-1.0 	 0, I, 2 . 
0.8-1.0 0, 2 + (] + ) 
< 0.8 	 0, V (0, 1, 27) 
fig. 7. An alternate E 3  energy dependence does not yield a flat distribution in this 
study. However, the exact form of the energy factor is not critical to the present study 
since the adequacy of the averaging is measured by the scatter in intensities at a 
given energy and not by whether the narrow band of intensities obtained is horizontal. 
As seen in fig. 7, it is very unlikely that a 0, 1, 2 state below 2.5 MeV in 
excitation has escaped observation. Although the empirical fluctuation in strength 
is slightly more than the predicted scatter, the limit of sensitivity is well below the 
weakest transition. There is no clear distinction between the 0, 2 and j + distri-
butions; therefore, only for the strongest population strengths is a 1 + assignment 
preferred. Such an assignment, however, cannot be definite since unresolved transi-
tions to two close-lying 0 and 2 levels would yield the same intensity as expected 
for 1 + states. Further for the weaker transitions, the possibility of Ml transitions 
cannot be excluded. Table 4 summarizes all of the information obtained from the 
2 keV study. In particular, the spin-parity values implied by this measurement are 
included and, in a footnote, the specific rules utilized for their determination.. 
3. Level scheme 
Previous detailed high-resolution investigations of ' 96Pt have been limited to the 
fl-decay studies of Jansen and coworkers 20.21)  and recent (p, t) [ref. 22)]  and 
Coulomb excitation 23)  investigations. Previous (n, y) studies 24)  dealt primarily 
2+ (1 - ) 
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Fig. 8. The level scheme of 196Pt with y-ray transitions observed in the present experiments. The 2 - O crossover transition of 688.7 keV is known 
20)  but, 
being obscured in the present study, is omitted from the figure. The levels are labelled by the adopted energy value and spin-parity values. The J assign-
ment(s) outside the parenthesis are preferred; the value(s) inside the parentheses are less likely, but cannot be excluded. The transition arrows are proportional 
to the y-ray intensity in thermal capture. A closed circle at the transition arrowhead indicates that the placement is confirmed by a coincidence relation; an 
open circle indicates that the placement is only tentatively confirmed in the coincidence measurements. Lines marked with a "c" are multiplets which have 
been identified in the coincidence measurements; these are labelled by a nominal energy value. Lines marked with an "i"  are multiply-placed, but there is no 
conclusive evidence for a multiplet structure.. Dashed transitions indicate a tentative assignment. The small arrows on the left indicate that the level was fed 
in At least one of the orimarv -rav measurements. 
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Fig. 9. The level scheme of 196Pt for the deexcitation of levels above 2 MeV. (See caption to fig. 8.) Only those levels below 2 MeV are included which are 
populated by placed y-ray transitions originating above 2 MeV. Levels listed in table 6, for which no yray deexcitations were found, are not in this 
figure. The single arrow indicating population, by a primary transition, of the 2527-2529 keY doublet should be understood as implying population of either 
or both of these unresolved levels. 
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The resolution of the GAMS spectrometers is such that only very closely spaced 
multiplets (e.g., where the separation is tens of eV at 200 keV) would not be resolved. 
Therefore, unless the coincidence measurements indicated a multiplet structure, no 
lines measured with the GAMS spectrometers were multiply placed. 
The requirements for inclusion of levels in the decay scheme were: (i) evidence of 
primary feeding in the 2 keV, resonance, or thermal capture experiments or feeding 
in fl-decay 2021)  or (p, t) [ref. 22)]  studies, and (ii) at least one firm deexciting 
transition, verified by a coincidence relation, or two combining decay lines. A few 
levels for which requirements (i) are not met are discussed below. Levels for which 
no unambiguous decay pattern could be assigned are discussed briefly at the end of 
this section. 
The criterion for acceptable Ritz combinations was that the discrepancy between 
the level energy difference and the transition energy was required to be within 1 .5 
times the combined error. This requirement was relaxed to 3.0 times the error for 
levels below 1600 keY, if the transition placement was supported by a coincidence 
relation. The final adopted level energies are based on all non-tentative transitions 
populating and depopulating a particular state. A special requirement for placing 
transitions depopulating levels above 1800 keV was that the placement should 
not significantly alter the level energies determined prior to that inclusion. For 
almost all definite transitions, the several depopulating transitions sum to the 
adopted level energy well within the combined errors of the transition energies. 
The full set of adopted level energies and energy errors are listed in table 5. 
Spin assignments and limits were derived from all available data. Spin assign-
ment(s) given inside parentheses are considered less likely, but cannot be excluded. 
The general criteria for spin determinations were: 
For levels populated in 2 keV capture, the spin-parity values presented in - 
table 4 provided an initial spin limitation. For levels below 2.5 MeV not populated 
in the average resonance capture, the J" values were assumed not to be 0, 1, 2t 
It was assumed that no M2 or E3 (or higher multipolarity) transitions are 
observed, except for the previously observed 20)  E3 transition depopulating the 
1447 keV 3 state. 
For states populated in a concurrent (p, t) investigation 22)  natural parity 
was assumed for cross sections 	10 pb/sr at 8 0 scattering angle. if 0 spin-parity 
assignments were made, these were adopted since L = 0 (p, t) angular distributions 
are characteristic For states for which the observed (p, t) strength was < 10 pb/sr 
unnatural parity assignments, though still unlikely, were not excluded. 
No transitions which were questionable, multiply placed, or otherwise 
tentatively assigned were used to completely exclude spin-parity possibilities. 
Although the absolute intensities of y-ray transitions depopulating a level will 
differ from resonance to resonance or in fl-decay, the relative intensities or branching 
ratios of these transitions should be constant. Consistent branching ratios served 
to verify the placement of transitions in almost every case. However, in a few cases 
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transitions are considered tentative because of somewhat inconsistent branching. 
ratios. The adopted spin-parity assignments are summarized in table 5. 
In the remainder of this section all of the levels below 2 MeV in excitation will 
be described in detail. Above this excitation energy only selected levels will be 
discussed. A complete discussion of all of the levels in figs. 8, 9 is given in ref. 25). 
355.684 keV 2, 688.672 keV 2, 876.852 keV 4 The y-deexcitation and spin-
parity of these levels have been taken from the literature and our present results 
confirm the previous assignments. The extremely weak 688.7 keY crossover transition 
from the 688 keV state was obscured in this study by the sum peak from the 355.7 
keV+ 333.0 keV cascade transitions. The intensity of the 688.7 keV transition in the 
discussion is taken from the "'Au decay 20)  study of Jansen and coworkers. 
1015.027 keV 3 This state was first observed in the fl-decay 20)  of 
196  Au and 
assigned 2, 3t The spin can be restricted to 3 + due to the non-population of this 
level in the average capture study. The previously assigned decay has been extended 
by the present placement of a 138.178 keY transition to the 876 keY level. 
1135.292 ke VO This first excited 0 + state was first observed in the 1 96 Ir decay 
21) 
study of Jansen and coworkers. Their spin assignment was confirmed in the recent 
(p, t) studies 22)  of Deason and coworkers. Our present study confirms the decay 
pattern assigned earlier. 
1270.198 keV 5(3). This negative-parity state was first observed in 196 m1r 
decay 21)  where the 393.346 keV transition to the 876 keV 4 state was measured 
to be El, thus yielding a 3, 4, 5 spin-parity. From regional systematics, the 5 
assignment is preferred, but the other possibilities cannot be rigorously eliminated. 
Recent (p, p') investigations 26, 27) support a natural parity assignment. Our present 
decay confirms the 196mIr  results, although we do not observe the tentative 914.6 keV 
transition to the 355 keY level. 
1293.291 keV 4 This state was first observed in (p, t) studies 22)  where it was 
assigned (4 k ) although 3, 5 possibilities could not be ruled out. This state, how-
ever, was populated in recent heavy-ion Coulomb excitation studies 23)  and assigned 
a unique 4t The present results establish the decay of this level. 
1361.566 keV 2t The present results alter and extend the y-ray deexcitation 
pattern deduced for this level in the Au fl-decay study 20)  where J' values of 1 + 
or 2 were proposed. No ground state transition is observed despite sufficient 
detection sensitivity. Transitions to the 1135(0), 1015(3 k ) and 876(4 k ) keV levels 
are also placed; the latter establishes the 2 spin assignment. 
1402.704 keV0. This state was first observed in the '96I  decay study 
21)  where 
it was assigned 0, 1 spin values. Population by an L = 0 transition in the (p, t) 
experiment 22)  implies a 0 assignment. The earlier decay pattern of ref. 21)  is 
confirmed. 
144 7.027 keV. 3. This negative-parity state was first observed in the fl-decay 
study 20)  of 196  Au and was assigned as 3 based upon El transitions to 2 and 4 
states. The present work confirms the previous y-ray deexcitation; in addition, a 
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low-energy transition to the negative-parity 1270 keV state is placed based upon 
precise energy combinations. Only part of the 1446.84 keV peak intensity is in 
coincidence with the 355 keV transition; the remainder is placed here. 
1604.471 ke V 2t This state was first observed in the present study and in a con-
current (p, t) investigation 22)  where it was assigned (2 k ). It is populated by primary 
transitions at thermal energy, and in the 11.9 eV resonance, and in the average 
capture spectra. The intensity in the latter implies a 0, 2(l 
) 
spin assignment. 
The transition to the 4 + state at 876 keV ensures a spin-parity of 2t The 242.858 keV 
transition could possibly be placed depopulating this level, but the energy deviation 
is about three times the error; rather, this transition has been placed depopulating 
the 1847 keY level. 
1677.222 keV 2t A new level at 	1677 keV was established by population by 
primary transitions in the thermal, 19.6 eV and 2 keV capture studies; the last implies 
a 0 + , 2(l 
) spin-parity restriction. Transitions to two O states (0 and 1135 keV) 
and the 4 state at 876 keY permit only the 2 choice. The y-y coincidence measure-
ments indicate that only part of the 1321.741 keY transition intensity can be placed 
here; the remainder is unassigned. 
1754.639 keV 3, 4, 5(3 k ). This previously unknown level is established by 
two coincidence relations. The transition to the 1447 keY 3 state gives J :!~ 5. The 
transition to the 876 keV 4 state and the absence of population in 2 keY average 
capture restricts the P values to 3± 4± 5. The 3 assignment is considered less 
likely, since this assignment is eliminated if the 1270 keY level is 5. 
1795.08 keV 2(1). This state was first populated in the 19.6 eV and average 
capture studies and in the recent (p, t) investigation 22).  Transitions to the ground 
state and the strength of the transition to this state in the (p, t) reaction restrict the 
J values to2(1). 
1802.276 keV 1, 2t This level is based on primary transitions observed in 
thermal, 19.6 eV and 2 keV capture studies, where the latter restricts J' values to 
0, 1, 2. A ground state transition eliminates the 0 possibility. Although part 
of the intensity of the 1113.716 keY transition is observed in the 521 keV gate, the 
y-y coincidence results indicate that most of the intensity of that transition can be 
placed depopulating the 1802 keY level. Similarly, the doublet nature of the 1446.84 
keV transition is deduced from the coincidence measurements. The remaining 
intensity depopulates the 1447 keY level. 
1823.21 keV 0+. Although first observed in '?Ir decay 21)  by Jansen and 
coworkers, the definite 0 spin assignment was determined in recent (p, t) studies 22) 
We confirm the previously observed deexcitation to the first excited state. 
1825 .696 keV 1. This level is based on primary population in thermal capture 
and the coincidence relations of the 1137.012 keY and the 378.675 keY transitions 
in the 333 and 1091 keV gates, respectively. Non-population of this level in 2 keY 
capture implies that the J' value cannot be 0, 1 + or 2; population by a primary 
transition at thermal energy then implies a 0, I, 2 assignment. Transitions to 
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two 0 states and the 3 state at 1447 keV uniquely establish the spin-parity as I -. 
1847.326 keV 2t This state was first seen in the (p, t) study of ref. 22)  where it 
was tentatively assigned 2 and in the present thermal, 11.9 eV and 2 keV capture 
experiments. Combining these results then gives a unique in of2. The 242.858 keV 
transition is uniquely placed here; an alternate placement, out of the 1604 keV level, 
is considerably outside of the energy error limits. 
1853.641 keV 2. The primary y-ray spectra at thermal energy, 11.9 eV, and 2 keV 
indicate a level at 1853 keV with in of 0, 2 + (0 - ,  1 -, 2 - ). The observed deexcitation 
to the 1293 keV 4 state allows only the 2 possibility. 
1888.128 keV 1(2). The existence of at least one level at this energy is implied 
from the thermal, 19.6 eV and 2 keV capture studies. The average capture strength 
is sufficient for a 1 2) assignment, if the line is not a doublet. Transitions to 
two 0 states eliminate a possible 0 spin assignment. 
1918.497 keV0(1). First observed in 16j  decay 21)  the 1918 keV level was 
assigned 0, 1. Present population in average resonance capture indicates positive 
parity. The previously assigned deexcitation pattern to the first two excited states 
is confirmed. 
1932.00 keV 0, 2(1). Population of this level in thermal and 2 keV capture 
and (p, t) [ref. 22)]  restricts in values to 0, 21(1  ). Only one firm deexcitation 
can be placed. 
1968.879 keV 1(2). The existence of at least one level at 1968 keV is based on 
primary transitions in the thermal, 19.6 eV and 2 keV capture studies. The average 
capture strength would indicate a 1 ' (0+, 2') assignment if there is only one level; 
there is no evidence of a doublet at this energy. The transitions to 0 states eliminate 
the possible 0 J' value. 
1984.908 keV 1, 2. Primary transitions at thermal and 2 keV neutron energies 
indicate a 0, 1, 2' -  level at 1984 keV. Deexcitation to a 3 state eliminates 
Of. 
1988.201 keV 1, 3, 4(2, 3' - ). The existence of this level is based on the oc-
currence of the 1632.4 keY transition in the 355 keV gate. Spin-parity values can be 
restricted by noting the non-population in average capture and weak population 
in the (p, t) reaction 22).  Combining these restrictions with the deexcitation to the 
3 state at 1447 keV suggests the in values 1, 3, 4 but 2, 3 cannot definitely 
be eliminated. 
1999.04 keV 2' - (l). A level near 1999 keV is populated by primary transitions 
in the 19.6 eV and 2 keV measurements. A transition to the ground state restricts 
in values to 2(1 ). If the tentative placement of the 705.652 keV transition is 
correct, a definite 2 assignment can be made. The.placement of this transition is 
not unique because, based solely on energy combinations, it could also be placed 
out of the 2460 keV level; however, the current placement is preferred. 
2087.310 ke V 3, 4 + (3 k ). A level at 2087 keV is based on the 1210.2 keV transition 
in the 521 keV gate (which deexcites the 4 876 keV level). This level is not populated 
in the average capture study, so a possible 2 + spin assignment is eliminated, with 3, 
4(3) being implied by transitions to 2, 4 and 5(3) states. 
' 96 Pt 	 377 
2093.0 keV0, 1, 2t A level at 2093 keV is populated by primary transitions 
in thermal, 11.9 eV, 19.6 eV and 2 keV capture with strength consistent with a 
1 + (0 + , 2) or doublet assignment. Although the placements of the 1736.9 and 
1404.6 keV y-rays deexciting this level are consistent with the y-y coincidence meas-
urements, these transitions do not sum to the same energy. If one assumes that both 
transitions do deexcite this level, then the 645.950 and 245.655 keV transitions can 
also be placed. However, because none of the deexciting transitions can be un-
ambiguously assigned as deexciting a single level, all transitions are considered 
tentative and the level energy and spin assignments are based solely on the evidence 
from the primary transitions. 
2124.3 74 keV 3, 4(1, 2, 3 k ). The existence of a level at 2124 keV is based 
on the coincidence relation of the 854.182 keV transition observed in the 393 keV 
gate. Non-population in average capture and transitions to the 355 keV 2 and 
1270 keV 5(3) states imply spin assignments of 3, 4(l -, 2, 3 k ). 
2162.68 keV 2(0). ,A level at this energy is populated by a primary transition at 
each incident neutron energy studied. The (p, t) reaction also strongly populates 22) 
a level at this energy implying a natural parity assignment. Since the transition to 
the 1447 keV 3 level is multiply placed, it cannot be used to eliminate the possible 
0' jn  value. A level at 2161.7 keV is populated in l9omlr  decay 21) However, a 
high-spin assignment is indicated in that study, so that the states seen in the /3-decay 
and the present studies are not the same level. 
2365 .951 keV 2t A 0, 1, 2 level at 	2365 keV is based on the 2 keV and 
thermal capture studies. Transitions to the 3 1447 keV and 2 1604 keV states 
have been observed. 
2375.1 keV Jf,  2. A level at 2375 keV is indicated by the 2 keV and thermal 
primary T-ray measurements. Transitions to the ground and second excited states 
establish the i' values. Although the 1360.4 keV transition can be placed here on 
energy considerations, such a placement would be inconsistent with the coincidence 
measurements. The (p, t) reaction 22)  populates a level at 2370 keV; since it is 
not clear if this corresponds to the 2365 or 2375 keV level the reaction data are not 
used to eliminate the I + i' possibility. 
2443.9 keV 2t A o 2(l f)  state at 	2443 keV is populated in 2 keV and 
19.6 eV neutron capture and weakly in the (p, t) reaction 22)  This state is observed 
to decay to the 3 1015 keV and 4 1293 keV levels indicating a 2 spin-parity 
assignment. 
2469.9 keV 2(1). A 0, 1 + , 2 level at 	2470 keV is based on the primary 
transitions observed in 2 keV, 11.9 eV and thermal neutron capture. Not all of the 
intensity of the 2469.7 keV y-ray is observed in the 355 keV coincidence gate, consistent 
with part of the intensity being placed here asa ground state transition, which thus 
eliminates the 0J' value. A level at 2468.3 keV is observed in 196m1r  decay 21). 
Since this state has been assigned (10, 1 l, it i clear that this level and the one 
observed in our (n, y) measurements are not the same. 
378 	 J. A. CIZEWSKI et al. 
2527.831 keY (2 k ) and 2529.3 keY (2 k ). The primary transitions observed in 
2 keV, 19.6 eV, 11.9 eV and thermal neutron capture indicate the existence of at 
least one level at 2528 keV, but the y-y coincidence and low energy y-ray measure-
ments indicate a doublet. The average capture strength for the transition to this 
doublet is sufficient for both states to be populated by El transitions yielding 0, 
1 , 2 ' assignments but there is no guarantee that the primary strength is equally 
divided. The decay of both states is consistent with = 2. The intensity of the 
primary transition observed in thermal capture far exceeds the intensity that can be 
placed depopulating this pair of levels. This intensity imbalance could reflect a third 
component which we have been unable to extract. Therefore, the spin-parity assign-
ment of these levels must be considered tentative. 
2667.137 keV 2t A level at this energy is populated by the strongest primary 
transition in thermal capture. The average capture and (p, t) measurements 22) 
indicate a 0, 2 assignment. Deexcitation to 0 states implies a 2J value. The 
y-y coincidence results support the multiplet structure of the 2310.9 and 1532.303 
keV y-rays. The transition to the 1802 keV state is tentative because of a marginal 
energy fit. Despite the observed intensity depopulating this level, it is still insufficient 
to balance the intense primary feeding in thermal capture. However, the adopted 
decay pattern and J' value of this state are independent of the primary feeding. 
TABLE 6 
Levels in 196 Pt observed only by primary y-ray transitions 
E. (keV) 
) 
Spin b) 	 . Evidence 
2270.2 (7) O, 	1, 2 2 keV capture 
2493.5(11) O, 19.6 eV, 2keV capture 
2553.8 (8) 0, 2 (0, 1 — , 2 - ) 2 keV capture ) 
2570.8 (7) 0, 	1, 2 2 keV capture 
2586.9 (7) O, 	1 + , 2 2 keV capture 
2599.1 	(9) 0, 2 (0 - , 1 — , 2) 2 keV capture 
2606.8 (8) 0, 2 (l) 2 keV capture 
2614.5 (7) 0 	1 + , 2 thermal, 2 keV capture 
2629.9 (8) 0, 2 (0 - , 1 — , 2 - ) 2 keY capture 
2659.8 (8) 0 	1, 2 19.6 eV, 2 keV capture 
) Excitation energy in keV determined from all evidence. Errors in parentheses are on the last digit(s) 
b) 	values determined by the average capture results. See also table 4. 
C)  The 2553 keV level was also tentatively populated in thermal capture. 
Other levels. Evidence for several other levels below 	2.5 MeV, not shown in 
figs. 8, 9, was obtained from the primary y-ray measurements. However, no un-
ambiguous decay pattern could be established for these levels. Therefore, they are 
not included in the level scheme, but the evidence for their existence and J" limita-
tions are presented in table 6. 
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4. Discussion 
4.1. LOW-LYING POSITIVE-PARITY STATES AND THE 0(6) LIMIT 
Recently, 196  Pt has been proposed 9)  as the first empirical candidate for a new 
nuclear symmetry, the 0(6) limit 10)  of the IBA [ref. 8)]  model of Arima and 
lachello. In this section we will present a more detailed discussion of the positive-
parity states in 196  Pt and their relation to the predictions of the 0(6) limit. 
In the IBA description of collective nuclear excitations the valence nucleons are 
considered as pairs of particles called bosons. The bosons can occupy one of two 
levels, one with L = 0 (s-bosons) and the other with L = 2 (d-bosons). interactions 
between the bosons can occur. Arima and lachello have described 8)  the system 
generated by the s- and d-bosons in terms of the group SU(6). They have found 8) 
three subgroups of SU(6) for which analytical solutions can be obtained, namely 
SU(5), SU(3) and 0(6). in geometrical terms, the SU(5) symmetry corresponds to 
the familiar (anharmonic) vibrator. The SU(3) symmetry corresponds to a symmetric 
rotor in which the 2 states of the fl- and y-vibrations are degenerate. The third 
symmetry 10),  0(6), is the most recently proposed and until the present measurements 
on 196 Ptno empirical candidate had been identified. 
For an 0(6) nucleus the energies of the positive parity collective states are given by 
E(a,r,J) = A(N—a) (N+a+4)+Bz(r+3)+CJ(J+l) 	(1) 
The quantities A, B and Care constants which in most physical situations are positive. 
N is the total number of-bosons, given by the sum of one-half the number of protons 
and neutrons from the nearest respective closed shells. No distinction is made be-
tween protons and neutrons or between holes and particles. For ' 96 Pt, N = 6. The 
quantum numbers a and r take on the following values: 
a=N,N-2,N-4,...,Oorl, 
= 0,1,.. .,a for each value of a. 
For each t value a number of spins J are possible. They are given by 
J = 2A, 2A-2, 2A-3.....A+1,A, 
where A is a non-negative integer which itself can have one or more values for a given 
t. A is defined by the equation A = T - 3v where the quantum number v is a running 
integer taking on the values v = 0, 1 . . . up to the largest integer --t. Thus, for 
example, for t = 4, v can be 0 or 1 and therefore A has the values 4 and 1. For 
A = 4, (i.e., v A = 0), J = 8, 6, 5, 4, and for A = 1 (v A  = 1) J = 2. Since tmax  = ci 
and cimax = N one sees that as N grows larger, new states, even of low spin, appear. 
For example, for N = cima,, = 9, there will be a t = 9, v 4 = 3 state with J = 0. 
A typical example of the levels of an 0(6) nucleus with N = 6 is shown in fig. 10. 
Each level can be uniquely identified by the quantum numbers J"(a, r, va). 
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Fig. 10. A typical spectrum for a nucleus exhibiting the 0(6) symmetry of the IBA. The energy levels are 
given by eq. (I) where N = 6, A = 100 keV, B = 30 keV and C = 5 keV. This figure was taken from 
ref. 9). 
a- separates the levels into a number of groupings, which are further subdivided by 
the quantum number v 4 . In each of these groupings the same sequence of levels 
occurs except for the r-cutoff which progressively limits the number of levels for 
low a--values. The E2 selection rules' 0)  are 4r = ± 1 and zia- = 0 and the E2 transition 
rates are completely independent of the parameters A, B, C, depending only on the 
boson number N. Relative E2 branching ratios in the 0(6) limit from a state with z, 
to states with the same are in fact independent of N as well and therefore are not 
only completely parameter independent but do not even depend on the number of 
valence particles. Due to the z selection rule, a characteristic signature of an 0(6) 
nucleus is, therefore, a repeating sequence of02 -2 levels connected by E2 cascade -- 
transitionskmore detaild 	iptiiiftiO(6) symmetry is given in refs. 9, 10, 28) . 
The positive parity levels of 196  Pt below 	1.8 MeV can be associated with the 
0(6) symmetry. To show this we first summarize in table 7 both the branching ratio 
predictions for the 0(6) limit and the observed intensities and deduced relative 
B(E2) values for all the transitions between the 0(6) levels. We show the comparison 
between the observed scheme and the 0(6) limit in fig. 11. The data summaries 
assume pure E2 multipolarity. This assumption should be valid since Ml admixtures 
TABLE 7 
Positive parity states in 196  Pt and the 0(6) limit 
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Initial state Final state Transition 0(6) limit d) 
E (keV) C) E (keY) C) J E (key) C) I 	(rel) b) B(E2) rel C) (a, t, v 4 ) 1 (a,r, v 4 )1 B(E2) 
355.684 (2) 	2 0.000 0+ 355.684 (2) 1000 100 (610) (600) 100 
688.672 (3) 	2 0.000 Øf 688.7 7x 10_"C) (620) (600) 0 
355.684 (2) 2 332.983 (2) 411 	(33) 100 (610) 100 
876.852 (4) 	4 355.684 (2) 2 . 521.175 (5) 60 	(6) 100 (620) (610) 100 
1015.027 (8) 	3 355.684 (2) 2 659.389(12) 3.7 	(8) 0.14 (630) (610) 0 
688.672 (3) 2 326.349 (4) 85 (7) 105 (620) 250 
876.852 (4) 4 138.178 (4) 1.1 	(3) 100 (620) 100 
1135.292 (7) 	0 355.684 (2) 2 . 779.630 (7) 39 	(3) 16 (631) (610) 0 
688.672 (3) 2 . 446.613 (3) 15.3 	(II) 100 (620) 100 
1293.291 	(5) 	4 355.684 (2) 2 937.62 	(7) 1.4 	(2) 1.7 (630) (610) 0 
688.672 (3) 2 . 604.616 (7) 8.3 	(7) 92 (620) 110 
876.852 (5) 4 416.443 (6) 1.4 	(4) 100 (620) 100 
1015.027 (8) 3f 278 < 0.06 < 31 (630) 0 
1361.566 (4) 	2 355.684 (2) 2 1005.894(20) 24 	(2) 1.1 (641) (610) 0 
688.672 (3) 2 672.900 (7) 30 	(2) 10 (620) 0 
876.852 (4) 4 484.707(25) 1.4 	(4) 2.4 (620) 0 
1015.027 (8) 3 346.541 	(3) 6.6 	(II) 60  125 
1135.292 (7) 0 226.270 (3) 1.3 	(3) 100  100 
1402.704(11) 	0 355.684 (2) 2 1047.044(20) 30 	(2) 100 (400) (610) 0 
688.672 (3) 2 714 < 0.23 < 5.2 (620) 0 
1604.471(10) 	2. 0.000 0 1604.3 	(3) 3.3 	(6) 0.01 (410) (600) 0 
355.684 (2) 2 1248.838(31) 16.3 - (14) 0.26 (610) 0 
688.672 (3) 2 915.80 	(6) 6.5 	(6) 0.5 (620) 0 
876.852 (4) 4 727.581(23) 7.1 	(14) 1.7 (620) 0 
1015.027 (8) 3 589.434(20) 0.6 	(3) 0.4 (630) 0 
1402.704(11) 0 201.769 (6) 0.7 	(2) 100 (400) 100 
1677.222(12) 	2 0.000 0 1677.5 	(2) 15 	(2) 0.7 (651) (600) 0 
355.684 (2) 2 1321.741(38) 9 (3) 1.4 (610) 0 
688.672 (3) 2 988:54 	(7) 3.1 	(4) 2.1 (620) 0 
876.852 (4) 4 + 800.375(47) 0.8 	(2) 1.5 (620) 0 
1015.027 (8) 3 662.188(16) 1.9 	(4) 9  0 
1135.292 (7) 0 541.942(20) 0.7 	(2) 9  0 
1361.566 (4) 2 315.58 	(8) 0.5 	(2) 100 (641) 100 
1823.21 	(8) 	0 355.684 (2) 2 1467.53 	(8) 8.4 	(8) 100 (200) (610) 0 
688.672 (3) 2 1134 < 3f) (620) 0 
1847.326(18) 	2 355.684 (2) 2 1491.600(44) 23 	(2) 1.0 (420) (610) 0 
688.672 (3) 2 1158.82 (13) 1.2 	(2) 0.2 (620) 0 
1604.471(10) 2 242.858(17) 0.26(12) 100 (410) 100 
C)  Energies are in keV with errors on the last digit in parentheses. 
b)  Intensities are from thermal capture and normalized to the 355 keV transition with 1000 units. Errors 
are on the last digit. 
C)  B(E2)'s are normalized to 100 units for the strongest observed transition out of a given level. All transitions 
are assumed to be pure E2, a reasonable assumption as discussed in the text. 
d)  For the 0(6) limit predictions, the assigned quantum numbers (a, t, v) for the initial and final levels 
and the predicted relative B(E2) value normalized to 100 Units for the same transition as in the experimental 
column are given. 
) This transition is obscured in the present study. The value for the B(E2) is taken from ref. 20). 
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196 Pt  
Fig. 11. Comparison of the positive-parity levels of 196 Pt with the 0(6) limit for N = 6 and the parameters A = 185 keV, B = 43 keV, C = 23 keV. The 0(6) 
quantum numbers (u, t, V A ) are indicated for each theoretical level. For each level the upper (lower) row of members on the transition arrows is the measured 
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for similar states in this mass region 29)  are typically << 10 %. in particular, the 
measured 30)  MI admixture to the 2 -+ 2 transition in 196Pt has negligible effect 
on the quoted branching ratio. Also, the recent measurement of multipolarities 6.31) 
of y-ray transitions in ' 900s, a nucleus that is rather similar 628)  in structure to 
196Pt, supports the assumption of pure E2 multipolarities in ' 96 Pt since the measured 
Ml admixtures for the analogous transitions in ' 900s are also small. 
It should be noted that fig. 11 and the data in table 7 are slightly updated from that 
appearing in ref. 9).  Specifically, the 1293 keV level was originally given a tentative 
(4 k ) assignment. As indicated earlier that assignment is now definite. Secondly, 
the refinement of the full level scheme has led to very minor adjustments in adopted 
level energies, relativeto those quoted in ref. 9).  Thirdly, the intensity of the 315 keV 
transition (1677 - 1361 keV) was inadvertently treated as 1.5 (in the units of table 1) 
in ref. 9)  instead of the correct 0.5. As this transition was used to normalize the 
others depopulating the 1677 keY level, the relative B(E2) values for this level are 
changed. Fourthly, a more quantitative analysis of the coincidence data has shown 
that a small part of the intensity of the 1 321 keV y-ray does not feed the 355 keV 
level, thus changing slightly the relative B(E2) for the 1677 - 355 keV transition. 
Despite these changes for the 1677 keY level, the essential point remains the same, 
namely that the B(E2) value to the 1361 keV level dominates the others by at least 
an order of magnitude. Finally, the 0(1402 keV) - 2 relative B(E2) was given 
an upper limit of 16 in ref. 9)  Closer inspection of the data now permits that limit 
to be reduced to < 5.2. 
The interpretation of the low-lying members of the quasi-ground and y-bands 
is obvious. In particular, the cross-over transition from the 2 state to the 0 (in 
0(6) quantum numbers, 2(620) -* 0(600)) is predicted to be forbidden and is 
observed to be extremely weak. For the 3 jf  and 4, or 3 + (630) and 4 + (630), states 
again the transitions predicted to dominate are the strongest observed, with the 
forbidden transitions weak or unobserved. Of special importance is the 4 - 3 
transition which is forbidden in the 0(6) scheme and is not observed, with a reasonable 
upper limit, in the present study. In 192  Pt, a nucleus very similar to 1 96 Pt (ref. 28)) 
the analogous transition is also not observed, but with an upper limit more restrictive 
by a factor of 8. In a deformed nucleus, this transition is an enhanced intra-y-band 
transition. It is interesting to note that its relative strength does rapidly increase in 
the Os nuclei which can be characterized as perturbed 0(6) nuclei 28)  undergoing a 
transition toward the SU(3) or rotor limit. 
The interpretation of the excited 0 states is also straightforward. The 0(631) 
level is the only 0 state predicted to decay to the 2(620) state. This decay mode is 
observed for the 0 state at 1135 keY. Expected above the 0(631) state are two 2 
states with quantum numbers 2(641) and 2(651). The former should decay only 
to the 3(630) and 0(631) states while the latter should populate only the 2(641) 
level. These are the dominant decay patterns for the 2 levels at 1361 and 1677 keV, 
respectively. 
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The 1402 keV state has two 2 ' states (at 1604 and 1847 keV) above it which 
preferentially decay in the characteristic manner of the sequences of the 
0(6) limit. This immediately identifies the 1402 keV level as a 0 state from a 
o < ( 7 = N) group. However, the Au = 0 E2 selection rule forbids the decay  a. 
of any of the a < N states to the lower-lying a = N states. If one introduces a slight 
breaking of the 0(6) scheme by changing the effective boson energy, the a selection 
rule is broken while the AT = ± 1 selection rule is maintained. To break the t selection 
rule requires the introduction of an additional interaction such as a quadrupole-
quadrupole force between the bosons. Since the 'r selection rule is in this sense stronger 
than the a rule, the 0 a < N states of the form (aOO) are all expected to decay 
preferentially to the 2(610) state. Note that the absolute B(E2) values are expected 
to remain very small. 
Therefore, the 1402 keV 0 state can be identified as the 0(400) state with the 
V states at 1604 and 1847 keY as the expected 2(410) and 2 + (420) levels, re-
spectively. An alternate 0(200) or 0(000) assignment for the 1402 keY level can 
be ruled out because the 0(400) state is expected to be lower-lying from eq. (1) and 
the average resonance capture results indicate that there is no lower-lying O state 
other than the already assigned 1135 keV state. In addition, for an N = 6 nucleus 
such as 196Pt the 0(000) state would not have any associated.V states above it. 
The other possible excited 0 state, with quantum numbers (431), would be expected 
to preferentially decay to the 2 + (620) state (At = 1), a decay pattern not observed 
for the 1402 keV level. 
The 1823 keV 0 -1-  state is identified as. the 0(200) level. In the 0(6) scheme this is 
the next 0 state. Although there are a number of candidates for 2' states above 
the 0 1823 keV state, none of these has been observed to decay to this 0 level 
and hence none can be unambiguously assigned as the expected 2(2I0) state. 
This is not a discrepancy with the model predictions since although the dominant 
decay matrix element for a state at 2 MeV may be to a level at & 1.8 MeV, such 
levels' are only weakly populated and, further, such a low energy transition will be 
extremely hindered by an E factor and, hence, difficult to detect in the low-energy 
portion of the y-ray spectrum. Given the lack of an identified sequence 
built on the 1823 keV level, it could, in principle, be assigned as the 0(000) state. 
Since this would violate the energy ordering given by eq. (1) we prefer the (200) 
assignment. 
A key feature of an 0(6) nucleus is a repeating 0-2-2 sequence with strong 
cascade-transitionsbetween-these-states -That this pattern in  
196Pt for the 0 states at 0, 1135 and 1402 keV clearly points to 196  Pt as exhibiting 
the 0(6) symmetry. However, the agreement between the 0(6) predictions and the 
observed level structure of 196pt  is even more remarkable. First, all of the positive-
parity states in 196  Pt below 1.8 MeV can be understood in terms of the 0(6) 
limit. Second, all of the low-spin states that are expected to be low-lying in the 0(6) 
limit have been identified. Third, all of the transitions that are predicted to dominate 
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are the strongest observed and, fourth, all the transitions which were predicted to 
be forbidden are weak or unobserved. 
No other existing model can approach this level of agreement. The pairing-plus-
quadrupole model of Kumar and Baranger 32)  has had considerable success in the 
W-Os-Pt nuclei. However, not only are the IBA predictions more extensive, but 
those of Kumar and Baranger do not even reproduce the empirical decay of the 2 
and first excited O states. Even though triaxial models have been recently considered 
for the Pt nuclei 33),  the 0(6) predictions are again much more extensive and predict 
the observed 0-2-2 sequences in 196 Pt without resorting to the ad hoc approach 
of explicitly introducing them 34).  The level structure arising in a pure y-unstable 
nucleus 35)  does in fact resemble very closely that observed in 116  Pt. However, this 
is expected since this model is in fact the closest geometrical analogue to the 0(6) 
symmetry, differing primarily in that the 0(6) limit allows broken degeneracies 
(C term of eq. (1)), includes spin cutoffs and properly accounts for the finite dimen-
sionality of the valence n'Ucleons. Finally, the approach of Greiner and coworkers 36) 
to the geometrical formulation of nuclear structure in terms of the relation between 
level structure and potential energy surfaces, though useful, is not predictive in the 
sense, that for each nucleus, it depends on a separate, rather arbitrary and not obvi-
ously unique choice of potential energy surfaces to reproduce the empirical scheme. 
4.2. NEGATIVE-PARITY STATES 
A number of states for which a negative-parity spin assignment is preferred have 
been populated in the present (n, y) study. In addition, several high-spin negative-
parity states are known from earlier 116m  IT fl-decay investigations 21.37) Table 8 
summarizes those levels for which negative-parity assignments are preferred. The 
spins given in the last column are chosen from the allowed set, given in figs. 8 and 9, 
TABLE 8 
Negative-parity states in 196 Pt 
Excitation 	 J" (table 5) 	 J" (assumed) 
1270.198 5 	(3 - ) 
I374) (6 - , 7) 7_ 
1447.027 3_ 3_ 
1754.639 3, 4 ± , 5 	(3 k ) 4_ 
I821) (8 - , 9) 9_ 
1825.696 I - I - 
1988.201 1, 3 	4 + (2, 3) 2 	b) 
2087.31 3, 4 + (3 k ) 3_ 
2124.374 3,4(1,2,3) 3_ 
2468) (10, 11) II - 
) Excitation energy and J" limits are taken from ref. 21.37). 
b) See text for argument concerning this choice. 
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and are based in part on model dependent arguments (see below). The energies of 
the negative-parity states are also summarized in fig. 12. 
Several decoupled negative-parity states built on a 5 band head have, been 
identified in the Hg-Pt-Os nuclei. Most of the information about these excitations 
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Fig. 12. Negative-parity states in "'Pt. The empirical energies are indicated by short bars. A parenthesis 
around the J" value means that this J" value is the assumed value from table 8. The predicted energies from 
the TNVF model 38)  are connected by solid lines. The data are taken from refs. 21. 37) and the present 
study. 
f3 decay of a high-spin isomer. In a decoupled band one expects the even and odd 
spin members to be displaced and that enhanced E2 transitions will connect states 
with zlJ = +2, with mixed Ml /E2 transitions between states with 4J = ± I. 
The 1270 keV level in 196Pt, originally observed in fl-decay 21)  is probably a 5 
state, although the current knowledge of this state cannot exclude a 3 assignment. 
The states at 1270, 1374, 1821,and 2468 keV are -connected sequentiaIly.byenhanced 
E2 transitions 37),  which strongly favors the assigned spin sequence, 5, 7, 9, 11, 
respectively. 
The 3 state at 1447 keV has been extensively studied 20)  previously. The identifica-
tion in the present study of a transition connecting this 3 state to the 1270 keV level 
strongly suggests the correspondence between the 1447 keV level and the 3 state of 
a decoupled band. The location, in the present (n, y) study, of the 1 state at 1825 
387 
keV, which decays to the 3 state at 1447 keV, completes the odd-spin yrast 
sequence of the decoupled band. The energies of these states follow the systematics 
of other low-spin negative-parity states in the Pt isotopes as illustrated in fig. 13. 
As suggested in table 8, several, other probable negative-parity states exist in 
196  Pt. The assignment of the 1754 keV level as the 4 member of the decoupled band 
I 	I 	I 	I 
25- 
2.0 - 	 ,- -(21 
------- 	___-1 - 
- 
IS- 	3- 	 -- 
-:3- ---.-- 
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Fig. 13. Energy systematics of low spin negative-parity states in Pt. The empirical level energies are 
indicated by short bars. The predicted energies from the TNVF model 38)  are represented by dashed lines. 
The data are taken from refs. 39. 40) and the present study. 
is based on the observed decay to both the 3 state at 1447 keV and the (5) state 
at 1270 keY. Although the multipolarity of the transition from the 1754 keY level 
to the 1447 keY level has not been determined, the dominant deexcitation matrix 
element is to the 3 state. The 4 state has not been identified in any other Pt nuclei. 
The state at 1988 keV is proposed as the 2 member of the decoupled band. 
This is the most tentative of the present assignments. As was discussed in section 3, 
the 2 possibility, which was based on the observed decay, was tentatively ruled 
out because a state at 1987 keV was weakly populated 22)  in the (p, t) reaction. 
Given the proximity of the 1984 keY state, the (p, t) experiment could be populating 
either or both states, so that an unnatural parity assignment to the 1988 keY level 
is not inconsistent with the (p, t) measurements. The energy of the 1988 keV level 
is in reasonable agreement with the systematics for 2 states in Pt, as shown in 
fig. 13. Also, the 1988 keV state is observed to decay to the 3 level at 1447 keV. 
Despite the large B(E2) value expected to connect the 2 state to the 4 level, it is 
reasonable that this transition is not detected in the present study because of its 
> 
w 
388 	 J. A. CIZEWSKI et al. 
low energy and the overall weak population of these high-lying levels. The only 
other state observed in the present study for which a 2 spin-parity assignment 
cannot be completely excluded is the state at 2124 keV. However, if the 1270 keV 
level is a 5 state, a 2 assignment for the 2124 keV level, which decays to the 1270 
keV level, can, in fact, be eliminated. The other candidates for negative-parity states 
in "'Pt are the possible 3 states at 2087 and 2124 keV. 
Toki, Neergárd, Vogel and Faessler 38)  (TNVF) have recently performed quantita-
tive calculations for the negative parity bands in the Hg and Pt nuclei in the context 
of a partially decoupled band model in which a special type of two quasiparticle state 
is coupled to core excitations and an additional residual interaction is included. 
One quasiparticle (particle 2) has high angular momentum and the other (particle 1) 
has fairly low angular momentum, but of opposite parity. For neutron excitations, 
particle 2 is in the i shell model state; for proton excitations, particle 2 is in the h 
state. For the Hg isotopes the core is assumed to have an oblate shape (with asym-
metry y = 60°) while for the Pt isotopes the core is assumed to be asymmetric with 
y = 30°. 
The calculations of the TNVF model support in some sense the simple idea of 
collective octupole excitations. As shown in table 5 of ref. 38),  the calculated wave 
functions of the low-spin ( 4) negative-parity states in "'Pt have sizeable compo-
nents in which the two quasiparticles are coupled to angular momentum 3 and then 
to the core excitation. Further, these states 38)  are not a single two-quasi-particle 
excitation, but rather a mixture of several different configurations for particle 1 
(with low spin) coupled to the high-spin particle 2, with two neutron and two proton 
configurations occurring with approximately equal likelihood. Therefore, in a 
certain sense a collective description, where many states contribute to the collectivity, 
is consistent with the TNVF model. 
The predictions of the TNVF model for the energy levels of the negative-parity 
states in 196  Pt are presented in fig. 12. In addition, the systematics of low spin states 
in the Pt isotopes are compared to the TNVF predictions in fig. 13. In both cases 
reasonable agreement is obtained between the TNVF calculations and the measure-
ments. Also, the TNVF predictions for y-ray transitions are in agreement with the 
available data. 
A number of assumptions are included in the TNVF model. Specifically, a core 
asymmetry of 30° is required to reproduce 38)  the large 7-9 Spacing in Pt. in 
-- Ia, for syntiOTetheoverall -steepness-of-the -yrast-parabola"depends_ 
on the changing alignment of particle and core angular momenta as a function of 
total spin. Finally, the odd-even energy staggering is related to the large ampli-
tudes 38)  for quasi-y-band core rotational states in the unnatural parity states and 
is a direct result of the assumed asymmetry. Again the assumed residual interaction 
is of importance in producing the odd-even energy staggering. 
Two points are worth noting. The first is that of the complementarity of heavy-
ion and (n, y) reactions in assessing the predictions of core coupled models for 
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excitations involving high-spin states. Specifically, while these models were originally 
developed to interpret the data on high spin levels, they predict low spin states of 
similar parentage, as well as families of levels of less than maximum alignment of 
core and particle angular momenta. These latter classes of states are not readily 
studied in heavy-ion induced reactions but are rather easily accessible with the 
non-selective (n, y) reaction and provide a particularly sensitive test of such models. 
Thus, for example, in ' °9 Pd preliminary results '").for such states are in strong dis-
agreement with, and thus cast doubt on, a core coupling model that had been con-
sidered successful because of agreement between it and the data for high-spin states. 
In the Hg and Pt isotopes the data 4)  on low spin and partially aligned states seem 
on the other hand to provide additional support for a model of partially decoupled 
bands based on core excitations with varying shape. 
The second point concerns the assumed core shapes. In Pt the model of TNVF 
assumes a triaxial core with y & 30 0  In view, however, of the evidence 9)  that the 
positive-parity states of 196  Pt are best described in terms of a model (0(6) limit of 
the IBA) approximating a y-soft core, the sensitivity of the TNVF predictions to 
the core softness needs to be further investigated. Specifically of interest is the 
question as to whether similar predictions would arise in a y-soft model with the 
same rms value of y. 
5. Conclusions 
We have presented an extensive investigation of the nuclear structure of 196Pt. 
Over 60 low-spin levels in this nucleus have been identified, most of them for the 
first time. 
The majority of the levels populated in the present study were 0', 1', or 2 
states. Given the mechanism of average resonance capture, it can be safely stated 
that the 0, 1 + , 2 + levels populated in the current study are all of these levels below 
2.5 MeV in excitation. In addition,' the location of the excitation energy at which 
two-quasiparticle excitations are expected to occur is clearly identified by an ex-
amination of the average resonance capture y-ray spectrum to be at 1.8 MeV in 
excitation. Presumably then, the states below 1.8 MeV will be of predominantly 
collective character, while the states above 1.8 MeV will be predominantly of multi-
quasiparticle character. In particular, all, of the positive-parity states below ' 1.8 
MeV can be understood as the collective excitations characteristic of the 0(6) 
symmetry of the IBA model 10) ' 
In addition to the numerous positive-parity states identified in the present study, 
a number of negative-parity states have been populated. When the high-spin negative-
parity excitations observed in earlier fl-decay investigations 21 • 37) are combined 
with the present results, a large family of these states, connected by y-ray transitions, 
has been identified. Although spin-parity assignments for some of these states are 
model dependent, the resulting set of negative-parity states in 196Pt can be understood 
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as members of a decoupled band where the 5 state is the lowest-lying excitation. 
This type of band has been described in the model of Toki, Neergárd, Vogel and 
Faessler, whose predictions are in reasonable accord with the empirically observed 
excitation energies and y-ray transitions for "'Pt.  
We are deeply indebted to Professors F. lachello and A. Arima for their extensive 
and continuing discussions concerning the Interacting Boson Approximation 
model, its limiting symmetries and its application to 196Pt.. We are very grateful 
to P. T. Deason and C. H. King for providing the results of their (p, t) and (p, p') 
investigations prior to publication. We would also like to thank Drs. D. Cline and 
Y. Yamazaki for providing information prior to publication. One of us (JAC) 
would like to thank Prof. L. L. Lee for his interest and encouragement in this work. 
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A series of experiments has led to the discovery of a set of low-spin, unique-parity states in 109 Pd. The particle—rotor model is unable to reproduce the observed level scheme. 
The particle—rotor (PR) model, or Nilsson model 
with Coriolis coupling, has had considerable success 
[1,2] in the interpretation of high-spin (usually yrast) 
levels in odd-A nuclei. In weakly deformed nuclei, if 
the Fermi surface is near the low-f2 orbits, it leads to 
series of decoupled or rotation aligned bands in which 
the essential element is that, due to the large rotatio-
nal energies of the core, the lowest (favored) high-
spin states are most advantageously formed when the 
core angular momentum is minimized, that is, when 
the core (R) and particle (j) angular momenta are 
aligned approximately parallel. Rotational sequences 
in the odd-A nucleus then exhibit a LJ = AR = 2 pat-
tern with energies following the spacings of the even—
even core. Calculations in this scheme are generally 
performed in the framework of the Nilsson model 
with Coriolis coupling, as that force tends to produce 
the desired alignment [1]. One can also construct the 
same states in a weak-coupling picture. 
As Lvh$iden, Rekstad and co-workers have stres-
sed [2-4], the PR model, viewed either from the ro-
tation-aligned or weak-coupling perspectives, contains 
* Research has been performed under contract EY-76-C-02-
0016 with the Division of Basic Energy Sciences, U.S. De-
partment of Energy. 
On leave from Kern forschungsanlage Jülich, 5170 Jülich, 
Germany.  
not only high-spin, favored, aligned levels but also 
low-spin anti-aligned (I® - R) states. Furthermore, 
there shouid be several sequences of unfavored states, 
each corresponding to successively less alignment 
(anti-alignment) of  and R. It has frequently been 
emphasized [3-5] that a crucial and sensitive test of 
these ideas centers on the low-spin anti-aligned states 
of both favored and, particularly, unfavored charac-
ter. These states should be well accounted for since 
they are also of unique parity and therefore are iso-
lated, occur at similar or lower energies as the high-
spin states, have comparable R-values and, in fact, 
are fewer in number (e.g., two 3/2 — states compared 
to six 19/2 — states for an h 1117 e rotor system). Un-
fortunately, such states are seldom observed in heavy-
ion reactions, and the handful of definitely established 
[2,5,6] anti-aligned levels includes no states with 
R >j and almost no unfavored levels. This letter, 
dealing with states in 109 Pd, reports the first observa-
tion of an entire set of low-lying low-spin, favored 
and unfavored anti-aligned unique parity levels, in-
cluding three states which correspond to R >1. 
Further, we show that, in this mass region where the 
PR model succeeds for high-spin aligned levels, it 
fails to reproduce these anti-aligned states. 
After an earlier study [7,8] of primary transitions 
following neutron capture on 108 Pd revealed differen-
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took to develop a complete level scheme for the low-
lying states. To this end, three principal experiments 
were performed: (1) high-precision curved-crystal 
spectrometer (GAMS1 and GAMS23) measurements of 
secondary 7-rays at thermal energy (ILL), (2) (n,e) 
measurements with the BILL spectrometer (ILL), (3) 
pair spectrometer measurements of primary 7-rays 
following average resonance capture at En  = 2 and 
24 keV (BNL). 
Approximately 30 levels below 1.36 MeV have 
been incorporated in a level scheme [7] for 109 Pd. 
Among the levels is an isolated family of odd-parity 
states (fig. 1). The assignments of negative parity to 
these states are based on El transition multi polarities, 
w oo 
	
- 	 2 




Fig. 1. Level scheme for negative-parity states in ' 09 Pd. The 
underlined fiT assignment for the 1359 keV state is the pre-
ferred value. 
obtained with the (n,e) data, for ground-state tran-
sitions from the 245 and 339 keV levels. Spin assign-
ments result from the combination of the average re-
sonance capture data with the measured transition 
multipolarities. A portion of the 2 keV average reson-
ance data is shown in fig. 2. In average capture, the 
Porter—Thomas statistical fluctuations of primary 
7-ray intensities are reduced so that (apart from 
dependence) states of the same J1' should be nearly 
equally populated. Empirically, the data at E = 2 
keV show fluctuations of ± 30%, consistent with 
40 s-wave and l0 p-wave resonances. States of 
spin 1/2 or 3/2, regardless of parity, will be populated 
with approximately equal intensity, while fiT = 5/2k 
states should be populated more weakly, but 3 times 
as intensely as fiT = 5/2 — states. Thus, the very weakly 
populated states at 339 and 604 keV, which can be 
assigned fiT  values of(3/2, 5/2) and (1/2, 3/2, 
5/2 — ), respectively, from the other measurements 
[7,8], can only be fiT = 5/2 — . These two assignments 
lead to unique spins for most of the other odd-parity 
levels. For example, the 941 and 673 keV levels (1/2 
3/2 — from other (n,)') data [7,8]) feed the 604 and 
339 keV states via Ml transitions and therefore must 
be 3/2 — . 
In 101, 103,105 	Smith and Rickey [6] were suc- 
cessful in explaining decoupled and strongly coupled 
bands with a Nilsson model Coriolis coupling calcula-
tion. A portion of their results for odd-parity states 
in 105 Pd is shown in fig. 3. Excitation energies are 
plotted versus an angular momentum projection in 
the manner introduced in refs. [3] and [4]. The ab- 
scissa is the projection of the total angular momentum 
J onto the particle angular momentum I. This projec-
tion has the valuesj +R—n for f>j and! — R + n for 
J < j, where R is the core rotational angular momen-
tum, and n is an indication of the alignment of I and 
R (n = 0 implies maximum alignment or maximum 
anti-alignment). For an h 1112 neutron, one has n = 0, 
l, , 5:(Forhially 1  nls meaningfulonlyinthe-e)C- - 
treme weak-coupling limit but it is approximately 
valid here and provides a useful index of parallelism.) 
At R = 6, the total angular momentum undergoes a 
spin flip and one has JR=6 R'4 = 1 rather than LJ 
2 as for other pairs of successive states on a given 
curve. For 105 Pd the agreement between the calcu-
lated and empirical excitation energies is excellent 
and typical of that frequently obtained by the PR mo- 
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Fig. 2. A portion of the spectrum of double-escape peaks for En  = 2 keV average resonance capture. Peaks corresponding to states 
with prior (7,8] unambiguous spins are labeled. Arrows indicate the location of the peaks corresponding to odd-parity states that, 
given the earlier [7,8] spin possibilities, could have been observed. The letter D indicates a doublet. 
del for high-spin states in weakly deformed nuclei 
where the wave functions approximate those of the 
rotation-aligned scheme. 
A Nilsson model Coriolis-coupling calculation [9] 
has been performed for the odd-parity states in 109Pd 
following the prescriptions of Smith and Rickey [6]. 
A deformation 6 = 0.15 was used and the Fermi level 
was placed at the 3/2 —  [541] orbital. The basis states 
consisted of the six isolated h 1112 Nilsson orbitals 
(K = 0.066, p = 0.35). A constant Coriolis matrix ele-
ment attenuation factor, a, of 0.8 was used. The best 
results were obtained with a modified [6] variable 
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Fig. 3. Comparison of experimental (solid symbols) and calculated (open symbols) excitation energies for 105 ' 109 Pd. The spin of a 
state is given by its abscissa except as explicitly labeled for anti-aligned states with R >/. 
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(j-R+n) 	 I 
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moment of inertia [10] prescription for the parame-
ter value C = 2 X 107 keV3 . The results of the calcu-
lation for 109 1'd are compared with the empirical ex-
citation energies in fig. 3. Table 1 lists the calculated 
rotational components for the observed states in 
109Pd. For J= 11/2,7/2, 3/2, 1/2, it is seen that the 
lowest energy state corresponds to maximum anti-
alignment of / and R. Similarly, the lowest 912, 5/2 
states correspond to a lesser degree of anti-parallelism 
(n = 1), and the next lowest 7/2, 5/2 levels to still 
less anti-parallelism (n = 2). Excellent agreement is ob-
tained for the states which correspond to maximum 
anti-alignment of R and j. However, for the states of 
less than maximum anti-alignment there are large and 
irremediable discrepancies (1 MeV for the higher 5/2 
state). There are, however, ambiguities [6] in the VMI 
prescription used to obtain, by extrapolation, the spin 
(J) dependent inertial parameters for the low-spin 
states. To make the conclusions reached here as inde-
pendent of the calçulational details as possible, we have 
therefore tried alternate prescriptions for the rotation-
al parameters. These ranged from values that were 
constant 
( 
40 key) to ones that were R-dependent 
rather than f-dependent, that is, such that a low-spin 
state had a moment of inertia comparable to that of 
the high-spin level of similar R. These calculations give 
nearly as good overall fits; the disagreements for the 
unfavored states are only slightly smaller (see below). 
Thus, a Nilsson model Coriolis-coupling calcula-
tion which has been very successful in reproducing 
empirical rotation-aligned bands both in the rare earth 
and 	100 mass regions fails to reproduce the low- 
Table 1 
Calculated R components for observed negative-parity states 
in 109PCL  
J Eexp Probability of R-component 
(key) 
- ------- RO 	2 	-- 4 	-- 6 
1/2 1359 - 	 0.01 0.09 0.09 
3/2 673 - 	 0.08 0.91 0.01 
3/2 941 - 	 - 0.08 0.92 
5/2 339 - 	 0.05 0.93 0.02 
5/2 604 - 	 - 0.07 0.91 
7/2 245 0.05 0.93 0.01 0.01 
7/2 645 - 	 0.04 0.89 0.07 
9/2 287 - 	 0.70 0.29 0.01 
11/2 189 0.63 0.34 0.02 0.01 
spin states which correspond to less than maximum 
anti-alignment in 109 Pd. The severity of these discre-
pancies can be demonstrated by considering the ener-
gy separation between states of the same spin, of 
which there are three pairs in 109 Pd: 3/2, 512, 
7/2- . The empirical (calculated) separations are 268 
(680-880), 265 (700-860) and 400 (760-830) keV, 
respectively, where the ranges for the calculated val-
ues reflect the different moment-of-inertia prescrip-
tions. These discrepancies are not accidental but in-
herent to the model, stemming from the large Corio-
lis matrix elements and the restricted core basis of 
the Nilsson model. This is readily seen, for example, 
for the two 3/2 - states. In a two-state mixing calcu-
lation, the final energy separation, LEF,  is given by 
LEF = 	+ 4M2 1 1 /2 '  where AEi is the initial un- 
perturbed separation and Mis the interaction matrix 
element. The minimum value of A EF , therefore, is 
2M. For the 3/2 - states, the Coriolis matrix element 
is 500 keV. Thus, the empirical final separation can 
only be obtained with an unacceptable (see below) 
attenuation factor of a 0.25. Lvh$iden and Rek-
stad [21 have derived an expression for a rotor 
hamiltonian which shows, however, that the minimum 
of the n = 0 curve occurs at a spin approximately pro-
portional to a. (This merely reflects the fact that large 
Coriolis forces are required to obtain a decoupled 
spectrum.) From the empirical spin sequences in 
105 ' 109 1'd one derives a value a 0.85. Indeed, for 
a = 0.2, the calculation would reproduce the empir-
ical separation between the two3/2 states, but the 
overall level scheme would not at all resemble 109 1d 
(e.g., the lowest 11/2 - state then lies above both 
3/2- states). Furthermore, contrary to the experience 
in the A = 190 region [5], the introduction of an asym-
metric core [I I] in the PR calculations does not alle-
viate these difficulties. For example, for y 20 ° there 
is no appreciable improvement in the calculated sepa-
rations in the 3/2, 5/2 - , or 7/2- pairs of states and 
fory;~ 200 theseseparations -increase;--- -- --- ------ 
The discrepancies for the unfavored low-spin states 
are disturbing since these levels occur on the same 
footing and with comparable core R components as 
the high-spin states. The agreement for the favored 
low-spin levels is important since it argues against the 
facile explanation that the calculations should be ap-
plicable primarily for high-spin levels because of their 
larger Coriolis aligning force. In short, unless and Un- 
16 
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til the origin and extent of these discrepancies (in 
spin, energy and nucleus) is understood, one should 
view with caution the apparent success of the PR mo-
del for high- (and low-) spin fully aligned states. 
We are grateful to Drs. H. A. Smith, F. A. Rickey 
and G. Lvh$iden for valuable discussions and to Dr. 
Smith for providing us with a copy of the computer 
code. 
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Abstract: Gamma and conversion electron spectra following the 123 Sb(n, y)' 24Sb reaction in the energy 
range 35-1030 keV and 16-600 keV, respectively, have been studied with bent crystal and magnetic 
spectrometers. Gamma-gamma coincidences in the energy range 40-500 keV have been investigated 
with a Ge(Li)-Ge(Li) arrangement. Gamma-gamma delayed coincidences have been taken with 
two Ge(Li) detectors in the range 0-10 ps and with a Ge(Li) detector and plastic scintillator in the 
range 0-300 ns. The 124Sb level scheme involving 40 excited states up to 1060 keV has been 
constructed. Parity is determined for all the levels. Unique spin values are assigned to 30 levels. The 
half-lives of the 40.804, 80.764, 125.231 and 248.369 keV levels have been measured to be 3.2 ± 0.3 us, 
4±1 ns, 86± 2  ns and 380± 70 Ps respectively, it is shown that the present level scheme energies 
differ from those previously found in the 123 5b(d, p)' 24Sb reaction by a systematic shift of 40 keV. 
The (n, y) levels are found to match up well with those from the (d, p), (n,,, y) and (n, Yprimy) 
reactions. A comparison of the 124Sb level scheme from the (n, y) reaction with that from the (d, p) 
reaction and with the i 22 Sb level scheme enabled the identification of the 7tg, /2 vs 1/2 , it9 712 vd 312 , 
7tg712vh /2 and itd512vh1 1/2 two-quasiparticle multiplets. Energy splittings of these p-n configurations 
by residual interactions taken as a combination of short-range Wigner, singlet and tensor forces 
have been calculated. It is shown that in order to reproduce experimental branching ratios, con-
figuration mixing should be taken into account, though the amplitudes needed for the admixed 
configurations are rather small and are, on the average, equal to 0.25. It is also shown that the 
parameters of residual interactions are about constant in the mass range A = 48 - 210, namely, 
the parameter of Wigner forces V 0 = - 32± 6 MeV, the singlet force parameter V 1 = 14±6 MeV 
and the range parameter r0  = 1.9±0.3 fm. The occupation numbers of neutrons in the lh i/2 
subshell in the range A = 110 - 134 and of protons in the 2d 512  and 19712 subshells in the range 
A = 122 -. 142 are determined. 
NUCLEAR REACTION 1235b(n  y), E = th; measured E0 , !, E, 1, yy-coin, yy-delay. 
123sb(d, p), E = 12 MeV; analysed data. 1 24 S deduced levels, J, it, ICC, y-multipolarity, 
y-branching, T 121  configurations. Ge(Li), Si(Li) detectors, bent crystal spectrometers, 
magnetic spectrometer, enriched targets. 
NUCLEAR STRUCTURE HO. 112. ii4. ii6ln 122. 124Sb, 134Cs  14OLa 142 Pr deduced 
residual interaction parameters, occupation numbers. 48 Sc, 88 Y, 90'92'96Nb, 
2  1013 deduced 
residual interaction parameters. 
E 
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1. Introduction 
Investigations of doubly odd spherical nuclei produced in the (n, y) reaction are 
currently being carried out at the WWR-M reactor of the Konstantinov Leningrad 
Nuclear Physics institute in Gatchina. Three nuclei, ' 16 1n [ref. 1)],  ".'Cs [ref. 2)] 
and 122sb [ref. 3)]  have already been studied. The present work, devoted to ' 24Sb, 
has been performed in cooperation with the Institut Laue-Langevin, Grenoble. 
Excited states of 124Sb were previously studied in the 123Sb(d, p) 124Sb [ref. 4)],  
(ll res , y) [refs. 5_7)], (rith erm , y) [refs. 6.8)] and 124Sn(p, n)' 24Sb [ref. 9)]  reactions. 
The thermal neutron cross section for 113 S is 4.3 b. The decay of long-lived isomeric 
states was reported in ref. 10)  The lifetimes of short-lived states were measured in 
ref. 10)  The lifetimes of short-lived states were measured in ref. 11)  The magnetic 
moment of the 124Sb g.s. was determined in ref. 12)  The 124Sb level scheme was 
presented in a number of cited papers. However the level schemes from different 
reactions differ. Moreover, spins and parities were only established for a few levels 
and the structure of the levels except for the g.s. and two long-lived isomeric states 
was unknown. it is however clear from shell-model considerations that the low-lying 
levels in 124Sb can be expected to have the configurations 1rgvs, mgvd, irgvh, 
irdvs, irdvd and xd+vh, that give rise to multiplets of levels with spins ranging 
from I to 5 and from 2 to 9 for states of positive and negative parity respectively. 
Experimentally, the main purpose of this work was therefore to construct a 124Sb 
level scheme, to assign spin-parity values to the levels, to establish the main compo-
nents of wave functions of low-lying excited states and to identify the above-
mentioned multiplets of levels. Theoretically, we have performed calculations on 
the ordering and spacing of the low-lying levels and of the branched decay of the 
levels of the irdvh multiplet to the levels of the irg'h multiplet. Then, using the 
available experimental data on the multiplet structure in 116 1n, 122 Sb, 134Cs and 
some other nuclei we have obtained occupation numbers of neutrons in the lhll  
subshell and of protons in the 2d+ and 1 g subshells and showed that the param-
eters of residual interactions are approximately constant in the mass range 
A = 48-210. For obtaining experimental information gamma and conversion 
electron spectra from the 123 Sb(n, y) 124Sb reaction were investigated. The 
measurements were made at the high-flux reactor of the ILL in Grenoble (the bent 
crystal spectrometers GAMS 1, 2, 3 and the magnetic spectrometer BILL) and at 
the WWR-M reactor of the LNPI in Gatchina [y-y coincidence spectrometer, y-y 
delayed coincidence spectrometer, Si(Li) detector]. 
2. Experimental methods and results 
The y-spectrum was measured with the bent crystal spectrometers GAMS 1, 2, 3 
[ref. 13)].  The angular width for GAMSI (the 5.8 m DuMond spectrometer) 
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amounted to3.5",corresponding toanenergy resolution of zlE/E = 7 x 10 6 E(keV)/ 
n, where n is the reflection order and AE 
is the FWHM in keY. Strong lines could 
be measured with an accuracy zIE/E = 5 x 10 7 E(keV)/n. The angular width of 
GAMS2 and GAMS3, the 24 m DuMond spectrometers, amounted to 1" and 1.5" 
respectively. An accuracy in energy for GAMS2, 3 was zIE/E = 3 x 10 - 8E(keV)/n. 
The measurements were made in live orders of reflection simultaneously. The energy 
calibration of GAMS1 was made using the K 1 line of Sb [ref. 
14)] and taking into 
account the revised value of the v;t constant from ref. 
15). The energies of GAMS2, 3 
have been linked to those of GAMS1 using strong lines measured with all spectrom-
eters. The intensity calibration of GAMS1, 2, 3 was performed using the relative 
intensities of the y-transitions of 124Sb measured with a calibrated Ge(Li) detector. 
The target (51 mg, 99 % enrichment in ' 23Sb) was prepared from metallic antimony 
and was placed in the through-channel H6-H7 at the Grenoble high-flux reactor in 
a flux of 5.5 'x 10 14  n/cm 2 . S. 
The results of measurements with the spectrometers GAMS are presented in 
table 1. in this table and hereafter through the paper, errors (in units of the last 
decimal figure) are given in parentheses and represent standard deviations. In 
order to facilitate comparison with the data of the (n, y) work by Shera 
8) the inten-
sity of the 252.83 keV transition was taken to be 1.7. The agreement of our data 
with those of Shera is good. The 51.44, 67.02, 68.72, 89.85, 94.00, 110.64, 136.50, 
170.01, 182.16 and 1008.03 keV transitions of that work were not found by us due 
to insufficient detection sensitivity. However, we failed to observe the 74.948 keV 
(I = 0.44), 77.13 keY (I = 0.19) and 101.79 keY (I 
= 0.051) transitions from 
ref. 8), the upper limit of their intensities being 0.07, 0.07 and 
0.035 respectively. 
The absence of the intense 555 keV transition (see table 1) in the singles y-spectrum 
of ref. 8) is worrisome (this transition was found in that work only in coincidence). 
Finally, the intensity of the 663.8 keV transition listed in ref. 
8)  as 0.75(20) is prob-
ably misprinted and should be read as 0.075(20), because we observed the 664.107(36) 
keV transition with intensity 0.042(13). As far as other transitions are concerned we 
observe a one-to-one correspondence both in energies and intensities. Of course, 
one should take into account the different resolution in energy which results that 
some 50 % of y-lines from ref. 8)  are unresolved doublets. 
A portion of the y-spectrum taken with the GAMS2 spectrometer in the second 
order of reflection is presented in fig. 1. 
In addition to GAMS measurements, the low-energy y-spectrurn in the range 
20-80 keV was also taken with a Si(Li) detector. The measured spectrum is shown 
in fig. 2 and the y-transitions found are listed in table 1. 
The conversion electron spectrum was measured with the spectrometer BILL 
[ref. 16)] . The spectrometer has a solid angle of 3 x 
10-6 and a momentum resolu-
tion of (4-11) x iO, depending on the electron energy. The 0.12 mg/cm 2 target 
of size 3 x 12 cm 2  was prepared by evaporation of 123
Sb metal onto an Al foil of 
0.2 mg/cm2 . The electrons were registered in a five-wire proportional counter 
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TABLE I 
Energies, intensities and multipolarities of the transitions from the ' 23 Sb(n, y) reaction 
E7 (key) J C)  rel. Units Multipolarity Placement from/to 
2 3 4 
10.8630(l1)b) 
S 10.8/0 
25.981(3) C) 0.00020(3) d) E3 36.8/10.8 
29.940(1) C) 0.087(8) d) E2 40.8/10.8 
34.5275(35) b) 0.083(20) C) 419.0/384.5 
37.629(3) C) 0.0176(18) d) E2 125.2/87.6 
39.9601(5) 1.23(21) Ml 80.7/40.8 
40.8041(10) 4.7(7) El 40.8/0 
44.0905(7) 0.72(9) Ml 131.6/87.6 
54.73(5) 1.g) 0.11(1) 439.1/384.5 
54.73(5) 1.g) 0.11(1.) 180.0/125.2 
72.5261(27) 0.144(14) Ml 287.1/214.6 
73.84(8)1) 0.034(7) C) 445.6/371.8 
80.7646(15) 0.082(10) 80.7/0 
84.9723(28) 0.078(11) Ml, E2(E1) 471.2/386.2 
87.080(11) 0.057(14) 
87.6014(4) 9.44(29) MI 87.6/0 
88.274(4) 0.033(10) 
88.3852(6) 0.874(27) E2 125.2/36.8 
103.6512(6) 2.80(6) Ml 103.6/0 
114.3679(13) 0.060(3) 125.2/10.8 
119.8134(6) 0.223(5) Ml 522.6/402.8 
127.0024(23) 0.050(4) 214.6/87.6 
129.382(11) 0.031(3) 
132.258(6) 0.026(3) 744.9/612.6 
133.8396(19) 2.47(4) Ml 214.6/80.7 
137.9186(13) 0.92(2) Ml 386.2/248.3 
143.2076(10) 1.23(2) Ml 180.0/36.8 
155.1782(11) 3.60(5) Ml 195.9/40.8 
159.484(10) 0.017(4) 598.6/439.1 
167.6049(12) 2.03(3) Ml 248.3/80.7 
171.6855(23) 0.068(3) 386.2/214.6 
173.7992(9) 0.76(2) Ml 214.6/40.8 
179.5936(36) 0.037(4) 598.6/419.0 
184.1275(29) 0.056(6) 471.2/287.1 
185.1226(22) 0.52(2) Ml, E2 195.9/10.8 
188.282(7) 0.037(3) 368.3/180.0 
195.623(5) 0.079(4) 581.9/386.2 
196.870(4) 0.16(1) 483.9/287.1 
196.9769(35) 0.073(5) 642.6/445.6 
198.02 1(24) 0.025(5) 
202.8861(30) 0.11(1) 642.0/439.1 
203.7385(33) 0.041(4) 214.6/10.8 
206.359(26) 0.016(5) 287.1/80.7 
206.8958(17) 0.19(1) 402.8/195.9 
212.964(6) 0.049(5) 
213.913(5) 0:047(4) . 	 - 	 .. 	 - 8559/642.0 	- - 
223.079(6) 0.092(10) 419.0/195.9 
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TABLE 1 (continued) 
E. (keV) 	 1 ) rel. units 	 Multipolarity 	Placement from/to 
226.44(9) 0.027(6) 612.6/386.2 
226.78(3) 0.046(6) 869.4/642.6 
231.632(4) 0.064(5) 
246.3206(25) 2.13(6) Ml 287.1/40.8 
246.586(5) 0.188(15) 371.8/125.2 
252.8342(39) 1.70(4) MI, E2 384.5/131.6 
256.650(5) 0.19(1) 471.2/214.6 
258.124(10) 0.088(8) 642.6/384.5 
264.334(10) 0.11(1) 861.9/598.6 
265.6312(39) 0.99(3) MI, E2 445.6/180.0 
269.3965(25) 0.41(1) Ml, E2 483.9/214.6 
270.232(8) 0.094(6) 642.0/371.8 
270.759(13) 0.060(6) 869.4/598.6 
273.75(7) 0.040(10) 744.9/471.2 
274.32(13) 0.020(9) 
275.2808(29) 0.60(2) MI, E2 471.2/195.9 
276.269(6) 0.42(1) 287.1/10.8 
288.013(5) 0.77(2) Ml, E2 483.9/195.9 
296.949(7) 0.090(6) 384.5/87.6 
299.218(5) 0.131(6) 402.8/103.6 
305.518(8) 0.09(1) 386.2/80.7 
313954(5)g) 0.67 h) Ml, E2 439.1/125.2 
313.954(5) 	) 0.68 h) Ml, E2 445.6/131.6 
315.36(5) 0.05(2) . 	 419.0/103.6 
322.1162(26) 1.52(6) Ml, E2 402.8/80.7 
331.4592(24) 2.13(8) Ml, E2 419.0/87.6 
332.000(33) 0.08(2) 
334.9808(33) 0.82(3) Ml, E2 371.8/36.8 
338.3012(39) 0.59(3) 419M/807 
3428(9) 0.10(1) 744.9/402.8 
345.480(33) 0.056(16) 386.2/40.8 
351.5668(26) 1.52(6) Ml, E2 439.1/87.6 
364.320(12) 0.16(1) 612.6/248.3 
384.533(8) 3.03(13) Ml, E2 384.5/0 
386.288(2) 0.147(12) 386.2/0 
390.505(9) 0.266(13) 471.2/80.7 
392.01 1(1 I) 0.132(9) . 402.8/10.8 
396.404(38) 0.067(10) 483.9/87.6 
398.092(26) 0.087(12) 612.6/214.6 
400.462(18) 0.132(15) 
400.770(12) 0.225(16) 
402.878(13) 0.287(14) 402.8/0 
410.280(11) 0.56(3) 855.9/445.6 
419.056(12) 0.30(2) 419.0/0 
422.287(10) 0.09(1) 1020.9/598.6 
425.09(6) 0.064(9) 
430.258(13) 0.27(2) 869.4/439.1 
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TABLE I (continued) 
E7 (key) 	 I,') rd. units 	 Multipolarity 	Placement from/to 
2 	 3 	 4 
434.82(5) 0.052(10) 445.6/10.8 
441.919(8) 0.45(2) 522.6/80.7 
443.214(11) 0.266(13) 483.9/40.8 
443.938(9) 0.223(13) 862.9/419.0 
450.341(22) 0.11(1) 869.4/419.0 
455.244(14) 0.42(2) 827.0/371.8 
455.76(6) 0.09(2) 
456.21(6) 0.10(2) 
457.825(25) 0.07(2) 744.9/287.1 
461 .996(9) 0.436(25) 642.0/180.0 
463.899(10) 0.35(2) 
466.956(11) 0.52(3) 598.6/131.6 
470.052(12) 0.11(1) 757.1/287.1 
473.122(9) 0.59(4) 483.9/10.8 
477.688(25) 0.097(12) 
481.884(19) 0.10(l) 522.6/40.8 
484.869(10) 0.161(14) 869.4/384.5 
501.152(8) 0.57(3) 581.9/80.7 
530.349(16) 0.11(1) 744.9/214.6 
531.939(13) 0.13(1) 612.6/80.7 
537.232(36) 0.086(13) 
541.120(24) 0.15(2) 581.9/40.8 
548.978(22) 0.18(1) 744.9/195.9 
555.058(7) 0.90(5) 642.6/87.6 
561.231(19) 0.191(13) 757.1/195.9 
564.733(9) 0.30(2) 
567.478(17) 0.09(1) 
571.059(9) 0.35(2) 581.9/10.8 
577.26(11) 0.08(3) 
583.64(5) 0.065(12) 
589.61(5) 0.106(13) 804.2/214.6 
595.39(8) 0.06(2) 
598.666(10) 2.27(14) Ml, E2(E1) 	 598.6/0 
610.906(26) 0.29(2) 
616.474(17) 0.135(12) 
620.477(32) 0.21(2) 1059.6/439.1 
634.003(15) 0.46(3) 1053.0/419.0 
636.41(8) 0.08(1) 1020.9/384.5 
643.885(2I) 0.13(2) 
646.96(5) 0.08(2) 827.0/180.0 
655.719(37) 0.11(2) 
657.59(25) 0.035(10) 
664.107(36) 0.042(13) 744.9/80.7 
668.433(19) 0.12(l) 
6705221) 0.036(8) 
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TABLE I (continued) 
E. (key) I 	) rel. units - Multipolarity 	Placement from/to 
2 - 
695.38(5) 	- 0.135(25) 837.0/131.6 
702.04(6) 0.078(16) 
704.125(31) 0.10(1) 744.9/40.8 
706.40(25) 0.067(17) 
709.331(12) 0.21(3) 
716.406(18) 0.17(2) 757.1/40.8 
723.424(29) 0.20(3) 804.2/80.7 
724.267(32) 0.11(2) 855.9/131.6 
735.16(26) 0.11(2) 
737.704(21) 0.196(14) 869.4/131.6 
743.915(26) 0.236(17) 
759.38(4) 0.115(12) 862.9/103.6 
763.481(14) 0.425(27) 804.2/40.8 
768.404(18) 0.217(17) 855.9/87.6 
772.044(28) 0.325(23) 
775.445(25) 0.44(3) 862.9/87.6 


















863.10(5) 0.074(15) 862.9/0 
866.52(5) 0.14(2) 
869.52(7) 0.14(2) 869.4/0 
875.3(5) 0.073(25) 
881.74(9) 0.087(25) 









937.42(23) 0.06(I) -- 
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TABLE I (continued) 
E (key) 
- 	
I 	) rel. units Multipolarity 	Placement from/to 
















1020.97(6) 0.18(5) 1020.9/0 
1027.54(7) 0.08(3) 
) The intensity of the 252.834 keV y-ray is taken to be 1.70 for normalization. 
5)  Deduced from the level scheme. 
) Observed only in the (n, e) spectrum. 
d)  Calculated from measured electron intensity by assuming theoretical ICC. 
) Taken from ref. 8). 
f) Measured with Si(Li) detector. 
8) Placed twice. 
5)  Deduced from coincidence experiment; intensity of the 313.954 keV transition in GAMS measure-
ments is 1.35(5). 
with 0.5 mg/cm' aluminated mylar entrance window. Electron energies were 
calibrated to y-lines from the GAMS measurements. 
In order to show the performance of the spectrometer, a part of the conversion 
electron spectrum is shown in fig. 3. 
The data on transition multipolarities are contained in table 2. All entries in this 
table are self-explanatory. Theoretical internal conversion coefficients (ICC) are 
taken from ref. 17).  The 236.374(15) keV conversion line (not listed in the table) is 
spurious, as it (a) does not have a corresponding y-transition and (b) was also found 
in the conversion electron spectrum from the 121 Sb(n, y) reaction. The origin of 
the line is unknown. The 25.981, 29.940 and 37.629 keV transitions were observed 
only in the conversion electron spectrum. For all these three transitions the L 21  
L31 M2  and M 3 conversion lines were found (for L 1 and M 1 lines the upper limits 
equal to three standard deviations are given). The osiblë iiltiöläiitiés of thësë 
transitions deduced from the L 1 /L 2 , L 1 /L 3 , L2 /L 31  M 1 /M 21  M 1 /M 3 and M 2 /M 3 
ratios are E2, E3, E4 etc. The parity-changing (or parity non-changing) character 
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431.5 	430.8 	4300 E (iceV) 
Fig. 1. The triplet at 430 keY taken with the GAM S2 spectrometer in the second order of reflection. 
of all these three transitions was deduced from the parity of the g.s., 3 and the 
first isomeric state at 10 keY, 5 [ref. 8)] using the following chains of transitions 
(see figs. 6 and 7): (a) 10 keV, 5 (25.981keV 36 keV (88keV,E2 125 keY 
<3l3keV, MI, E2 
439 keV 351keV.M1E2) 87 keY 87keV,M1) the g.s., 3, (b) the g.s., 3 
87keV,Mi 
87 keV ,351keV,M1E2 439 keV 313keV.M1,E2 125 keV 
37.629keV) 87 keV 87keVM1) the 
/06 
















Fig. 2. Low-energy gamma spectrum from the 123 Sb(n, 7) 124Sb reaction taken with the Si(Li) detector. 
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TABLE 
Energies and intensities of the conversion 
E I' 	) Ey - Ebjfld  EC 
(5E) (öI) (key) (öEC) Shell 
25.981(3)") < 2 C) 
21.605(9) L 2 
21.853(9) L 3 
M 1 
25.166(6) M 2 
25.215(6) M 3 
29.940(1)") < 3.0 c) L, 
25.5581(15) 
25.8084(15) L 3 
29.1286(21) M 2 
29.1742(18) M 3 
29.833(3) N 2 + N 3 
37.629(3) b) < 0.15 C) L1 
33.249(6) L2 
31497(3) L 3 
39.9601(5) ') 1.23(21) 35.2621 35.2617(15) L 1 
L 2 
L 3 
39.016 39.011(4) M 1 
40.8041(10) 4.7(7) 36.106 36.106(3) L, 
36.423 36.425(6) L2 
36.672 36.672(3) L 3 
39.860 39.865(3) M, 
40.015 40.021(16) M 2 +M 3 
44.0905(7) 0.72(9) 39.392 39.390(3) L 1 
L 2 
L3 
43.146 43.158(12) M 1 
72.5261(27) 0.144(14) 42.035 42.031(4) K 
84.9723(28) 0.078(11) 54.481 54.502(2 1) K 
87.6014(4)') 9.44(29) 57.1104 57.1097(11) K 
82.9034 82.9047(16) L 1 
83.220 83.232(12) L 2 
L 3 
86.657 86.668(4) M, 
88.3852(6) 0.874(27) 57.8942 57.8958(12) K 
83.687 83.683(7) L 1 
84.004 84.010(3) L2 
84.253 84.248(3) L3 
87.441 87.465(14) M 1 
87.596 87.605(7) M 2 +M 3 
103.6512(6) 2.80(6) 73.160 73.163(4) K 
98.953 98.945(4) L 1 
L3 
102.707 102.717(7) M 1 
119.8134(6) 0.223(5) 89.322 89.321(8) K 
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2 
electrons in '14 S and transition multipolarities 
124 S 103 
ahCO. 
Jrcl a) Multipolarity 
El MI E2 
< 1.0 0.52 3.24 2.12 E3 
d) 
3.1(4) > 1.5 0.19 0.27 86.5 
4.1(5) > 2 0.31 0.068 129.3 
< 0.2 0.10 0.64 0.46 
0.60(7) > 0.3 0.035 0.054 17.7 
0.89(10) > 0.4 0.056 0.014 26.5 
< 0.6 0.37 2.10 1.9 E2 
d) 
5.9(3) > 2.0 0.12 0.171 43 
7.5(4) > 2.5 0.19 0.044 63 
1.07(11) > 0.4 0.022 0.035 8.8 
1.39(4) > 0.5 0.035 0.009 13.0 
0.54(14) > 0.2 0.011 0.009 4.5 
<0.10 0.21 1.1 1.3 E2 
d) 
0.223(19) > 1.5 0.056 0.085 14 
0.36(5) > 2.4 0.086 0.022 20 
1.144(20) 0.93(16) 0.18 0.91 1.19 Ml 
<0.10 < 0.08 0.046 0.071 10 
< 0.10 < 0.08 0.070 0.018 15 
0.247(64) 0.20(6) 0.034 0.18 0.23 
0.714(11) 0.152(23) 0.171 0.84 1.15 El 
0.207(41) 0.044(11) 0.043 0.067 9.5 
0.254(10) 0.054(8) 0.065 0.017 13.3 
0.202(21) 0.043(8) 0.032 0.166 0.224 
0.108(17) 0.023(5) 0.021 0.016 4.7 
0.598(10) 0.83(10) 0.140 0.68 0.98 Ml 
< 0.07 < 0.10 0.033 0.053 6.5 
< 0.07 < 0.10 0.050 IY.013 9.0 
0.115(24) 0.16(4) 0.027 0.13 0.19 
0.166(23) 1.15(20) 0.40 1.35 3.2 Ml 
0.086(30) 1.10(41) 0.26 0.86 1.98 Ml, E2(E1) 
7.17(17) 0.76(3) 0.237 0.79 1.80 Ml 
0.92(6) 0.097(7) 0.023 0.093 0.16 
0.063(10) 0.0067(11) 0.0031 0.0065 0.24 
< 0.033 < 0.0035 0.004 0.0017 0.29 
0.170(14) 0.018(2) 0.004 0.018 0.030 
1.512(21) 1.73(6) 0.232 0.77 1.76 E2 
0.175(40) 0.20(5) 0.023 0.091 0.16 
0.227(24) 0.26(3) 0.0030 0.0064 0.23 
0.245(29) 0.28(4) 0.0043 0.0016 0.28 
0.048(9) 0.055(11) 0.0043 0.018 0.030 
0.096(8) 0.110(10) 0.0015 0.0017 0.106 
1.46(10) 0.52(4) 0.15 0.49 1.05 Ml 
0.148(6) 0.053(3) 0.015 0.058 0.096 
<0.03 <0.011 0.0017 0.004 0.11 
< 0.03 < 0.011 0.0024 0.0010 0.13 
0.031(9) 0.01 1(3) 0.003 0.011 0.018 
0.069(6) 0.31(3) 0.098 0.32 0.05 Ml 
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TABLE 2 
E7 	 E, - Eblfld 	 EC 
(c5E) (i5J) 	 (keV) (MC ) 
133.8396(19) C) 	 2.47(4) 	 103.348' 	 103.3485(24) 
129.142 129.147(8) 
137.9186(13) 0.92(2) 107.428 107.425(3) 
143.2076(10) 1.23(2) 112.717 112.719(3) 
138.510 138.51(2) 
155.1782(11) 3.60(5) 124.687 124.685(3) 
150.480 150.466(7) 
154.234 154.214(24) 
167.6049(12) 2.03(3) 137.114 137.115(3) 
162.907 162.906(3) 
173.7992(9) 0.76(2) 143.308 143.305(7) 
185.1226(22) 0.52(2) 154.632 154.640(8) 
246.3206(25) C) 2.13(6) 215.830 215.822(8) 
241.623 241.68(7) 
252.8342(39) 1.70(4) 222.343 222.340(11) 
265.6312(39) 0.99(3) 235.140 235.140(13) 
269.3965(25) 0.41(1) 238.906 238.86(6) 
275.2808(29) 0.60(2) 244.790 244.88(8) 
288.013(5) 0.77(2) 257.522 257.49(4) 
313.954(5) 1.35(5) 283.463 283.53(5) 
322.1162(26) 1.52(6) 291.625 291.65(3) 
331.4592(24) 2.13(8) 300.968 300.986(16) 
334.9808(33) 0.82(3) 304.490 304.42(7) 
351.5668(26) 1.52(6) 321.076 321.09(3) 
384.533(8) C) 3.03(13) 354.042 354.056(24) 
598.666(10) 2.27(14) 568.175 568.21(13) 
C)  Upper limit of transition intensity is taken to be equal to three standard deviations 
b)  Observed only in the (n, e) spectrum. 
C)  Estimated from Ge(Li) measurement. 
d) See sect. 2. 
C)  Used for energy calibration. 
g.s., 3 and (c) the g.s., 3 401',E1 40 keV 29.940keV)  10 keV, 5 	So, the multi- 
polarity of the 25.981 keV transition is E3 and that of the 29.940 and 37.629 keV 
transitions is E2. Note that the assumption that the multipolarity of the 25.981 keV 
transition is E5 -(instead -of-E-3)-would-result- in- an- enhancement -of-the transition-by 
many orders of magnitude over the Weisskopf estimate which is quite unusual. 
Similar arguments are also true for the 29.940 and 37.629 keV transitions. 












































0.584(13) 0.236(7) 0.072 0.24 0.45 Ml 
0.079(10) 0.032(4) 0.0073 0.028 0.043 
< 0.03 < 0.012 0.0007 0.0018 0.032 
< 0.03 < 0.012 0.0010 0.0005 0.036 
0.178(10) 0.193(12) 0.066 0.219 0.41 MI 
0.227(6) 0.185(6) 0.060 0.197 0.36 MI 
0.031(6) 0.025(5) 0.006 0.023 0.035 
0.580(8) 0.161(3) 0.047 0.158 0.28 MI 
0.079(6) 0.022(2) 0.0049 0.019 0.027 
< 0.02 < 0.006 0.0004 0.0012 0.016 
< 0.02 < 0.006 0.0006 0.0003 0.017 
0.018(7) 0.005(2) 0.0009 0.0037 0.005 
0.252(8) 0.124(5) 0.038 0.128 0.21 
0.041(7) 0.020(3) 0.0040 0.015 0.021 
< 0.02 < 0.010 0.0003 0.0009 0.012 
< 0.02 < 0.010 0.0004 0.0002 0.012 
0.083(6) 0.109(8) 0.035 0.116 0.19 Ml 
0.061(13) 0.117(26) 0.029 0.097 0.15 MI, E2 
0.098(5) 0.046(3) 0.013 0.046 0.059 Ml 
0.011(3) 0.0052(14) 0.0014 0.0054 0.0061 
0.066(12) 0.039(7) 0.012 0.043 0.054 MI, E2 
0.043(3) 0.043(3) 0.011 0.037 0.046 Ml, E2 
0016(3) 0.039(7) 0.010 0.036 0.044 MI, E2 
0.019(4) 0.032(7) 0.010 0.034 0.041 MI, E2 
0.041(7) 0.053(9) 0.009 0.030 0.035 Ml, E2 
0.034(4) 0.025(3) 0.007 0.024 0.027 Ml, E2 
0.036(5) 0.024(3) 0.006 0.023 0.025 Ml, E2 
0.040(3) 0.019(2) 0.006 0.021 0.023 Ml, E2 
0.016(3) 0.020(4) 0.006 0.020 0.022 Ml, E2 
0.024(3) 0.016(2) 0.005 0.018 0.019 Ml, E2 
0.033(7) 0.01 1(2) 0.004 0.014 0.014 Ml, E2 
0.0086(28) 0.0038(13) 0.0015 0.0049 0.0041 MI, E2(E1) 
15 cm'; 2.5 keV at 100 keY). The resolving time of the coincidence set-up was 70 ns. 
The 140 mg/cm 2  target 10 mm in diameter was prepared from metallic Sb (90 °V 
enriched in 123Sb) and was placed at the end of a neutron guide tube in a flux of 
2 x 10 7 n/cm 2  s. The measurements were made in the range 40-500 keY. The 
total running time took 50 h. The coincidence intensities were determined by de-
composing the spectrum obtained into components, the energies of which were fixed 
according to the data in table 1. When resolving the spectrum, use was made of a 
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Fig. 3. Part of the conversion electron spectrum from the ' 23Sb(n, y) reaction as measured with the 
spectrometer BILL. 
computer program described elsewhere 18)  A single coincidence peak was assumed 
to have a two-dimensional gaussian form. The spectral sensitivity of each Ge(Li) 
detector was determined using a source prepared from a mixture of natural Sb with 
' 54Eu and 133 Ba. 
The results of the y-y coincidence experiment are summarised in table 3. The 
energies of two coincident y-rays are given in the first and second columns. The 
experimental intensities (in units of table 1) are presented in column 4. The corre-
sponding values from the constructed level scheme are given in column 3. As seen 
from the table, the experimental and calculated coincidence intensities are consistent 
within the errors. Previously, y-y coincidences in ' 24Sb were studied by Shera 8) 
and by Elliott 9).  We observe all the coincidences found by Elliott. The agreement 
of our coincidence data with those of Shera is good, if one takes into account a 
complex structure of many y-lines. For example, the coincidences of the 167.63 keV 
and 196.90 keV transitions and of the 331.45 keY and 442.71 keV transitions should 
be understood as resulting from coincidences between the 167.63 keV and 195.6 keY 
transitions and between the 331.45 keV and 443.93 keY transitions, respectively 
V. 
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TABLE 3 
Gamma-gamma coincidence intensities in 124 S 
Energy (keV) 
E 1 	E2 
intensity 




'caic 	 1axp 







167.6 0.20(1) 0.22(12) 






0.28(8) 461.9 0.36(3) 0.34(4) 
54.7 384.5 0.07(i) 0.09(4) 155.1 
206.8 0.142(7) 0.15(2) 
0.54(4) 





84.9 137.9 0.047(7) 
0.052(8) 
0.049(6) 
0.052(8) 561.2 0.14(1) 0.16(5) 
87.6 
167.6 
202.8 0.039(4) 0.032(12) 167.6 3643 
0.14(1) 0.15(5) 
252.8 0.89(3) 0.7(1) 









269.3 0.076(3) 0.08(2) 
351.5 0.80(4) 0.70(6) 179.5 331.5 
0.027(7) 0.09(3) 
466.9 0.27(2) 0.28(5) 184.1 246.3 
0.039(5) 0.05(2) 
555.0 0.47(3) 0.51(7) 185.1 
275.2 0.065(4) 0.09(3) 














0.05(2) 202.8 351.5 0.064(7) 
0.09(2) 
133.8 171.6 0.041(2) 0.060(12) 246.3 
) 455.2 0.077(7) 0.12(1) 
256.6 0.115(6) 0.09(2) 252.8 258.1 
0.03(1) 0.05(2) 
269.3 0.248(8) 0.26(2) 265.6 
410.2 0.27(2) 0.35(8) 
398.0 0.053(8) 0.065(20) 270.5 
) 334.9 0.08(1) 0.17(5) 
137.9 167.7 0.80(2) 0.95(15) 313.9') 
430.2 0.09(1) 0.16(6) 
0.30(7) 334.9 455.2 0.33(2) 
351.5 430.2 0.16(l) 0.20(7) 
) Complex peak 
[the 196.90 and 442.71 keV peaks from ref. 
8)  are, in fact, of doublet and triplet 
nature, respectively]. There is only one puzzling discrepancy, namely, the coin-
cidence between the 155.2 and 555 keY transitions found in ref. 
8). This coincidence 
relationship was not found by us and contradicts sharply our level scheme. How-
ever strange it may be, the 555 keV transition was observed in ref. 
8)  only in the 
coincidence spectrum, whereas in our single y-spectrum this transition is one of the 
strongest. However there exists the coincidence between the 155.2 keV and 561.2 
keY transitions in our coincidence matrix, this coincidence not being found by 
Shera. It may well be that the coincidence between the 155.2 and 561 keV transitions 
was misinterpreted in ref. 8)  as the coincidence of the 155.2 and 555 keV transitions. 
Besides low-energy y-y coincidences Shera also measured coincidences of primary 
gammas with low-energy y-rays. In general, these coincidences agree well with 
our level scheme. However, the coincidences between the 6335.7 and 54.75, 6335.7 
and 77.13, and 5414.4 and 246.35 keV transitions are inconsistent with our level. 
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scheme. The first two coincidences clearly indicate the existence of the 54.75(3) + 
77.13(3) = 131.88(4) keV level and 77.13(3) keV level. Both were included in the 
level scheme by Shera. However, the 77.13 keV transition was not found in the 
GAMS1 measurements (but was in the singles measurements of Shera, see above) 
and the energy of the just mentioned 131.88(4) keV level disagrees with the energy 
of the 131.692(1) keV level in this work (population and depopulation of the latter 
by other y-rays are in complete agreement in both works). In addition, the 54.75 keV 
transition (IY  = 0.087) from ref. 8)  found in this work too (IY  = 0.11) is coincident, 
according to our data, with the 384.5 keV transition (but not with the 77.13 keY 
transition), whose placement in the level scheme is firmly established and definitely 
excludes the placement of the 54.75 keY transition as depopulating the 131.692 keV 
level. For these reasons the 77.13 and 131.88 keV levels are unacceptable. Again the 
coincidence between the 5414.4 and 246.35 keY transition sharply contradicts our 
level scheme. We can offer no simple explanation for this fact. 
TABLE 4 




energy energy multi  J. 
' T' 	-' (ns) 
(keV) 1/2 (key) polarity i 
exp 	theory 
40.8 3200±300 40.8 El 3 	. 3 14200 
29.9 E2 3 	.. 5 563000 
80.7 4±1 80.7 El 3 	-. 3 135 
39.9 Ml 3 + 3+ 9 125.2 86±2 114.4 El 6 	-.5 k  4700 
37.6 E2 6 - -. 4 18700 	350000 
88.4 E2 6 - -. 8 360 8000 248.3 0.38±0.07 167.6 Ml 2. -. 3 0.43 
Gamma-gamma delayed coincidences were taken with two Ge(Li) detectors in the 
range 0-10 js and with a plastic scintillator and a Ge(Li) detector in the range 
0-300 ns. Use was made of a 140 mg/cm 2  target, 10 mm in diameter. In the range 
0-10 us the delay of the 40.8 keV transition relative to the 155.1 keY transition was 
measured. In the range 0-300 ns the E-T matrix (1024 channels on the y-ray energy 
axis and 64 channels on the time axis) was taken. The lifetimes were determined 
either from the slope of the decay curve (for T4 > 2 ns) or by the centroid shift 
method (for T+ < 2 ns). The delayed transition data are presented in table 4 and in --
figs. 4-and 5. 	 - 
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Fig. 5. Positions of the y-transition centroids depending on the transition energy. 
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3. Level scheme 
3.1. CONSTRUCTION OF LEVEL SCHEME 
On the basis of the experimental results obtained, the 1 14 S level scheme (see 
figs. 6 and 7) was constructed. The list of the levels together with the level charac-
teristics is given in table 5. The level energies were calculated using a least-squares 
fit. The scheme incorporates most levels from refs. 7, 1) in the range 0-1060 keV. 
The previously proposed levels at 77, 389, 564, 594, 654, 880, 896, 904, 917, 940 and 
and 967 keV are not included in our level scheme. The first of these was discussed 
in sect. 2. The remaining levels were introduced in refs. 7.8)  solely on the basis of 
the observation of primary gammas from the capture state. Since the depopulation 
of the levels is unknown and, consequently, spin-parity assignments are impossible, 
they are omitted from our level scheme. The scheme includes 12 new levels. These 
are levels at 125, 180, 368, 371, 445, 522, 612, 642.0, 642.6, 744, 757 and 827 keY. 
We do not discuss the construction of the level scheme, it is based mainly on the 
coincidence data obtained and sometimes on the application of the Ritz combination 
principle. In our viewpoint the existence of all the levels in the scheme is unambigous. 
However, the introduction of the 368 keY level needs some explanation. 
The 368 ke V level. According to the data from table 3 the 188 keV transition is in 
TABLE 5 















0 3 9 2h 1 1/2 439.1687(24) 5 d52h1 1/2 
10.8633(11) 5 9 712 d 312 445.685(4) 6 d,/2h, 1/2 
36.8456(15) 8 - 9 712 h 1112 471.2601(19) 34 
40.8040(8) 3 97/2 d 3/2 483.9993(21) 4 
80.7641(8) 3 9 712 s 112 522.6917(17) 2+(3+,4+) 
87.6015(4) 4 97/2h, 1/2 581.916(4) 
4f 
103.6514(6) 2 97/2h, 1/2 598.658(4) 4 
125.2310(15) 6 9712 h 1112 612.693(7) 
3f(4+) 	
) 
131.6922(8) 5 9 72h 11 , 2 642.055(4) 6 
180.0534(18) 7 9712h1 1/2 642.661(4) 5 
195.9826(12) 4 9 2 d32 744.950(6) 3 + ,4 +  
217.6033(10) 4 9 7/2 s 1/2 757.196(9) 3 + ,4 +  
248.3693(13) 2+(3+,4+ ) 9 712 d 312 804.266(13) 3 + ,4+  
287.1290(17) 4 97 , 2 d 312 827.065(14) 6 
368.336(8) 8 d5/2h1 1/2 855.970(5) 5 
371.824(3) 7 d5/2h1 1/2 863.003(7) 3 
384.524(3) 4 d 512 h 1112 - 	 8694l-5(-7-) 4 
386.2883(15) 3(4) 	) 1020.948(10) 4 
402.8783(16) 3 1053.067(16) 3, 4 
419.0627(19) 3 d 5/2 h 11/2 1059.643(16) 4,5 - 
) 3 + , if the 248 keV level spin is 2 
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coincidence only with the 143 keV transition, the latter depopulating the 180 keV 
level. The coincidence strength leads to the conclusion that the 188 keV transition 
is in coincidence with the 143 keV transition totally, with no branching, and con-
sequently feeds the 180 keV level. It should be pointed out that the 188 keV transition 
can be placed (purely on energetic grounds) between the 402 keV, 3 and 214 keV, 
4 levels, in this case however one immediately needs to postulate the existence 
of an unobserved 34 keV transition from the 214 keV, 4 level to the 180 keV, 7 
level, the multipolarity of which would have to be of E3 type. Such a low-energy 
transition would have to be isomeric and naturally no coincidence between the 188 
keV and 143 keV transitions would have been found. Generally speaking, the 
placement of the 188 keV transition as populating any level but that at 180 keV 
would result in strong branching which would make it impossible to satisfy the 
data on the coincidence strength between the 188 keV and 143 keV transitions. 
With the level scheme thus constructed, the coincidence intensities were calcu-
lated by taking into account the experimental branching ratios and theoretical ICC, 
and by using y-ray intensities from table 1. These deduced intensities agree with the 
experimental intensities from table 3 within error limits. 
3.2. SPIN AND PARITY ASSIGNMENTS 
Unique spin-parity values were reported previously for the g.s., 3 and the first 
isomeric state at 10 keV, 5 [ref. 10)].  In addition, unique parities were assigned to 
a few levels in the (nes,  y) work 7).  Spins and parities of all the other levels were 
determined in the present investigation for the first time. 
When assigning spin-parities to the levels, we used: (a) the data on transition 
multipolarities, (b) the (d, p) data and (c) the assumption that the transitions of 
unknown (or experimentally undistinguishable between Ml and E2) multipolarity 
are not of pure E2 or M2 type or higher multipolarity (i.e., that any pair of levels 
connected by such a transition differ by at most one unit of spin). It is therefore 
clear that spin-parity assignments are partly based on the shell model arguments. 
3.2.1. Parity assignments. The parity of all the levels up to 580 keV are established 
on the basis of transition multipolarities (the only exception is the 368 keV level 
discussed in subsect. 3.2.2). Each of the remaining levels is generally connected by 
transitions to levels of only positive or only negative parity. Similarly to ref. 2),  the 
multipolarity of these transitions was assumed to be of-MI type. This assumption 
is based on the fact that the number of measured Ml transitions in doubly odd 
134Cs [ref. 2)] 1 ' 6 1n [ref. 1)],  ' 22 5b [ref. 3)]  and 124Sb is at least an order ofmagni-
tude larger that the number of measured El transitions. This suggests positive 
parity for the 581, 612, 744, 757 and 804 keV levels and negative parity for the 598, 
642.0, 642.6, 827, 855, 863, 869, 1020, 1053 and 1059 keV levels. It is clear that the 
parities of the levels just mentioned have a good probability of being correct but 
should not be regarded as final. 
F.J 
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3.2.2. Spin assignments. The 36.8 keV level. The spin value of this level plays a key 
role in assigning spins to the levels of negative parity. As indicated in sect. 2, the multi-
polarity of the 25.981 keV transition is of E3 type. Since this transition depopulates 
the 36.8 keV level to the 10.8 keV, 5 ' level, the spin-parity of the former can range from 
2 to V. However all the intermediate values can be excluded. Indeed, if the spin of 
the 36.8 keV level were 3, 4, 5, 6 or 7, the multipolarity of the 25.981 keV 
transition would be of M2, El, El, El or M2 type respectively, whereas the deduced 
multipolarity of the transition is E3 (see table 2 and sect. 2). Spin 2 is also excluded; 
otherwise one must admit severe retardation of the possible competing 36.8 keY 
transition of Ml type from the 36.8 keY level under consideration to the g.s., 3. 
The Weisskopf estimate for the rate of such a transition is iO s, which might be 
compared with the measured lifetime of the 36.8 keY level ( iO s). This transition 
is a reorientation transition, as the g.s. and 36.8 keV level belong to the gvh 
multiplet (see subsect. 4.1). It is very difficult to expect that it be retarded by many 
orders of magnitude. We therefore concluded that the spin and parity of the 36.8 
keY level are 8 - . The same values were arrived at in ref. 10)  on the basis of system-
atics of 8 levels in neighbouring nuclei. 
The 87, 125, 131, 180, 439 and 445 keV levels. The spins of all the levels are ob-
tained immediately from the known spins of the g.s. and 36.8 keV level by con-
sidering two chains of transitions: (a) 36 keY, 8 125 keV, 6- M1 ,E2  439 keV, 
5 M1,E2  87 keY, 4 	+ the g.s., 3 and (b) 36 keV, 8 - X 180 keY, 7 	1,E2 445 
keY, 6 M1,E2 131 keV, 5 + 87 keV, 4 4 the g.s., 3. It is clear that the indi-
cated spin values of all the intermediate levels are the only possible values for the 
multipolarities given (provided that the transitions, the multipolarities of which 
are experimentally undistinguishable between Ml and E2, are not of pure E2 type). 
Such spin-parity assignments obviously demand the multipolarity of the 37 keV 
transition from the 125 keV, 6 level to the 87 keY, 4 level to be of E2 type. Ex-
perimentally, the established multipolarity of the transition is indeed of E2 type. 
The 103 ke V level. The spin of the level (2 - ) is derived partly because it is populated 
only from 3 ' resonance, ref. 7)  and partly from shell-model considerations demand-
ing the existence of a 2 member of the xg 1vh. multiplet (as discussed later in sub-
sect. 4.1, the irgvh muitiplet is positioned in the energy range 0-180 keY). The 
y-decay pattern of the level is consistent with the suggested spin value. 
The 80 and 214 ke V levels. The levels are strongly excited in the (d, p) reaction 
[see ref. 4)  and table 6], with both having angular distribution characteristic of 
Fig. 6. The 124 S level scheme from the (n, y) reaction including the levels of negative parity. The width 
of the transition is proportional to its total intensity, with the black (white) part representing y-ray 
(conversion electron) intensity. A circle at the end (beginning) of the transition means that it is in 
coincidence with lower (higher) lying transitions. Spin-parity assignments are partly based on shell- 
model arguments. For details see subsect. 3.2. 
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Fig. 7. The ' 24Sb level scheme from the (n, y) reaction including the levels of positive parity. See caption to fig. 6. 
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1. = 0 neutron transfer. Since the cross section for the excitation of the 214 keV 
level in the (d, p) reaction 4)  is twice as large as the cross section of the 80 keV level, 
the spin of the former is 4 and that of the latter is 3t Both values are in good 
agreement with the y-decay pattern of both levels. Note that the spin of the 214 keV 
level might be deduced from known multipolarities (without taking the (d, p) data 
into account). Here again use should be made of the assumption that the 203 keY 
transition is not of pure E2 type. 
The 40 ke V level. The level can have spin-parity values of 3 ' or 4', as it decays 
via an El transition to the g.s., 3 and via an E2 transition to the 10 keV,5 level. 
The spin-parity of the level was assumed to be 3', because such an assumption 
naturally explains the E2 multipolarity observed for the 29 keV transition from the 
level of interest to the first isomeric state, 5; otherwise (that is 4) an explanation 
must be given for the pure E2 multipolarity of the 29 keV transition, while Ml 
multipolarity is also possible. 
The 368 keV level. Since the level is depopulated by the 188 keV transition to the 
180 keV, 7 level, its spin is 6, 7 or 8. If the spin of the level were 6 or 7, it would be 
depopulated by the 243 and 237 keV transitions to the 125 keV, 6 and 131 keV, 
5 levels, respectively. However, we failed to observe such transitions. In addition, 
the level of interest is very close in energy to the 371 keV, 7, 384 keV, 4, 419 keV, 
3, 439 keV, 5 and 445 keV, 6 levels that are all interpreted later as members of 
the itdvh multiplet. It is therefore natural to assume the 368 keY level to be the 
8 - member of this multiplet. 
Spins of all the other levels were determined using known multipolarities or by 
assuming the lowest possible multipolarities, that is Ml or El (to be more precise 
by assuming that the multipolarities are not of pure E2 or M2 type). Note that 
among all the transitions of experimentally unestablished multipolarity placed in 
the level scheme there is only one transition (the 392 keV transition from the 402 
keV, 3 to the 10 keV, 5 level) whose multipblarity must be of E2 type. However 
the placement itself of this transition is not unambiguous, because it is put in the 
level scheme only on energetic grounds. The same is, of course, true (to a greater 
or lesser extent depending on the error in the transition energy and on the accuracy 
with which the level energy difference is known) for all the other transitions placed 
in the level scheme only on the basis of their energies. 
Finally we must stress once more that, though the existence of the levels them-
selves is evident and unambiguous, spin-parity assignments are partially shell-model 
dependent. 
3.3. SOME REMARKS ON THE LEVEL SCHEME 
(i) The level scheme of 124Sb includes 40 levels and 128 transitions. Twelve levels 
were not reported before. The parity of all the levels is determined uniquely. Definite 
spins are established for 30 levels. We have not included in the level scheme (a) 
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transitions whose energy error is larger than 100 eV, as their placement would be 
probably fortuitous (transitions with such errors are weak and could be placed in 
the level scheme only on the energy basis) and (b) transitions with the experimentally 
unestablished multipolarity for which the multipolarity expected from known 
quantum characteristics of other levels is M2 or of higher order (such transitions 
would be isomeric). The 315, 398, 419 and 530 keV transitions could have been 
placed twice. The multipolarities of the transitions are unknown and for each transi-
tion there are two possible placements (only on the basis of their energies), namely, 
with (El transition) or without (Ml transition) a change in parity. Since experimen-
tally the number of Ml transitions in the level scheme is at least an order of magnitude 
larger than that of El transitions, each of these four transitions is assumed to be of 
Ml type; this permits us to exclude the alternative placement. 
There are four transitions of E2 type in the level scheme. These are the 29, 37, 
88 and 392 keV transitions. The multipolarity of the first three of these transitions is 
established experimentally. The placement and the multipolarity of the 392 keV 
transition were discussed in subsect. 3.2. Each of the four transitions is placed be-
tween the levels whose spins differ by two units. Except for the transitions just 
discussed, we failed to find other transitions of an E2 type in the level scheme. It is 
interesting to note that all E2 transitions are accompanied by El transitions (the 
reverse is however not true). 
There are eleven transitions of El type in the level scheme. The multipolarity 
is measured only for the 40 keV transition. The placement (on the basis of coincidence 
results) of the 299 keY transition between the 402 keV, 3 and 103 keV, 2 - levels 
also results in El multipolarity of this transition. Since the multipolarity of the re-
maining nine transitions is unknown, their placement, proposed exclusively on the 
basis of their energies, is open to question. 
Most of the (n, y) levels with spins 2-5, that is, those which can be populated 
directly from 3-4-  4+ capture states are excited in the (ti res , y) [ref. 7)]  or (n, Yprimary) 
[ref. 8)]  reactions. The exceptions are the 522 keV, 2 4- , 581 keV, 4', 612.6 keY, 
3 642.6 keY, 5 and 744 keV, 3 4 levels. The correspondence between the level 
schemes from the (n, y)  and (d, p) reactions is reasonably good (see the next section). 
However, the level scheme from the (p, n) reaction 9)  differs from our level scheme 
(though the coincidence data show a one-to-one correspondence). This is readily 
explained by the much more complete experimental information obtained in this 
work. 
Since the total intensity of all the transitions in the level scheme amounts to 
95 % of the total intensity of all the transitions measured, the scheme can be con-
sidered-to be complete-enough-for-obtaining-the-absolute-intensities-of-y-transitions----
by calculating the intensity of all the transitions feeding the g.s. In 124Sb the popula-
tion of the g.s. [64(y+e)/100 captures] is a sum of the intensities of all the transitions 
feeding the g.s., 3 [44 (y + e)/100 captures] plus the intensity of all the transitions 
feeding the first isomeric state, 5 [20 (y+e)/l00 captures], as we failed to find the 
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10 keV transition from the first isomeric state to the g.s. Of course, it should not be 
expected that the population of the g.s. amounts to 100, as each level can be popu-
lated directly by y-transitions from higher states. The mean direct population of 
each level or the intensity deficit calculated by subtraction of all radiation feeding 
the state from the intensity of all radiation deexciting the state is 1.5 (y+e)/lOO 
captures, whereas the maximal values amount to 6 for states with spins 3 or 4 and 
2 for states with spin 5. We have therefore added the maximal deficits for g.s., 3 
[6 (7+e)/100 captures] and for the first isomeric state, 5 [2 (y+e)/100 captures] 
to the value of 64 and, yet, obtained only 72 (y+e)/100 captures instead of 100. This 
implies that the intensities of table I (normalized to the absolute data from ref. 8)) 
should very probably be multiplied by a factor of 1.4. Such an observation is in 
accordance with the result obtained by us for 1 22 S [ref. 3)],  where a similar analysis 
of the transition intensities also resulted in a factor of 1.4. 
(vi) Similar to the findings of refs. 1_3)  for '' 6 1n, 122 S and 134Cs, the 124 S 
level scheme is divided into two systems of opposite parity levels connected by few 
weak El transitions. Each system is also divided into some groups of levels, with 
intense Ml transitions proceeding between different groups of levels and inside each 
group (this is especially true for the negative-parity levels). It is shown in the next 
section that a simple physical picture underlies such a grouping of these levels. 
4. Two-quasiparticle multiplets 
4.1. EXPERIMENT 
As a rule, the identification of the levels as members of a multiplet is based on a 
comparison of the (n, y) levels with those from nucleon transfer reactions. In our 
case there exist data on the ' 23 Sb(d, p)' 24Sb reaction which was studied by Hjorth 
in ref. 4).  Unfortunately, the energy resolution in that work amounted to 40 keV, 
whereas an average distance between the levels in the level scheme in this work is 
20 keV and, in fact, there are many closely spaced levels. Thus the direct comparison 
of data from the (d, p) and (n, y) reactions is impossible. For this reason we com-
pared the experimental (d, p) spectrum from ref. 4)  with the expected (d, p) spectrum 
calculated from the (n, y) reaction. For this purpose we assumed that all the (n, y) 
levels up to 300 keY have pure two-quasiparticle nature and are the members of the 
lrgLvsk, ngvd and itgvh multiplets that must be populated in the (d, p) reaction 
with I = 0, 2 and 5 respectively. This assumption is based on the observation by 
Hjorth of the levels with I = 0, 2 and 5 only in the range - 20-235 keY. Then we 
took a sum of experimental cross sections in the (d, p) reaction for excitation of all 
the levels with one value of In and distributed each such a sum exp (for In = 0, 2 
and 5) among the levels of the given multiplet in the (n, y) reaction according to 
2J+ 1 rule, so that the expected (or calculated) intensity of the ith level from the 
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TABLE 6 




(n, y) reaction this work 






(d, p) reaction ref. 4) 
peak 	
In energy ) 
0 3 7tg 712 vh 1112 5 100 
10.8 5 7tg 712 vd 312 2 550 23 20 2+5 
36.8 8 7tg 712 vh 1112 5 240 
40.8 3 itg712 vd 312 2 350 
80.7 3 7tg 12 vs 112 0 850 
87.6 4 7rg 712 vh 1112 5 125 83 75 0+2 
103.6 2 7tg 712 vh 112 5 70 
125.2 6 7tg 712 vh 1112 5 180 128 131 5 
131.6 5 7tg 712 vh 1112 5 150 
180.0 7 7rg 712 vh 1112 5 210 
195.9 4 g 712 vd 312 2 
225d) 207 210 0+2 
214.6 4 7tg 712 vs j2 0 1090 
248.3 2 719 7 , 2 vd 312 2 250 
287.1 4 7rg 712 vd 3 , 2 2 225 
d)  287 290 2+0 
) a = (2J 1 + 1 )(2j + 1)_i (2] + 1) - 
	is the expected (calculated) intensity of ith level from the 
(n, ) reaction in the (d, p) reaction, assuming pure two-quasiparticle nature of all the (n, y)  levels in the 
table; aaap  is a sum of experimental cross sections of all the (d, p) levels in the range up to 300 keV 
with particular 'n  from ref. 
4) ;j and j, are the total moments of proton and neutron respectively, that give 
rise to the multiplet JtJp VJn(jp = 2';j,, = -, or -v-); J. is the spin of ith level of multiplet. 
b)  Eav = Ei- ily - i  is the expected position (centre of gravity) of a group of the levels from the (n, '/) 
reaction which could not be resolved in the (d, p) reaction in ref. 
4). 
C)  40 keV is added to the energies of ref. 4). 
4) Intensity of the 4 member from the 7tg 712 vd 312 multiplet is distributed half-and-half between the 
195.9 and 287.1 keV levels, as they both have the spin 4 and i = 2. 
(n, y) reaction in the (d, p) reaction is o. Finally, we averaged the (d, p) spectrum 
calculated in this way by assuming the 40 keY resolution as in ref. 4).  The com-
parison of the calculated and measured (d, p) spectra is given in table 6, from which 
it is seen that both spectra are in a good agreement with each other provided that 
the (d, p) level energies of ref. 4)  are shifted upwards by 40 keV. In our viewpoint, 
such an agreement justifies the assumption that all the levels from the (n, y) reaction 
in the range 0-300 keV belong to the itgvs, itgvd and itgvh multiplets. It is 
clear that the (n, y) levels of negative parity excited in the (d, p) reaction with i = 5 
are the members of the irgvh multiplet, while the (n, y) levels of positive parity 
that-must have i -= -0-or-li -=- 2 
configurations. The 80 keY, 3 ' level from the (n, y) reaction has therefore i = 0 
or I = 2. The choice between two configurations is made in the following way. The 
peaks at 75 and 210 keV from the (d, p) reaction contain strongly excited levels with 
= 0, with the latter peak having larger cross section. The first peak must there- 
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fore include the 3 member and the second peak must contain the 4 member of 
the 1rgvsj. doublet. Since the group of levels at 20 keV in the (d, p) reaction has 
already included the 3 ' level with I = 2 and, in the framework of pure multiplets 
each spin can occur only once, the 80 keV, 3 + level is a member of the itgvs doublet. 
The peak at 210 keV with I = 0 + 2 from the (d, p) reaction contains the 195 keY, 
4 and 214 keV, 4 levels from the (n, y) reaction. We believe that the 195 keV level 
belongs to the irgvd and the 214 keV level to the 1rgvs configurations; otherwise 
the correspondence in energy between the calculated and measured (d, p) spectra 
would be much worse. 
The levels with the configurations 7td 4vs 4 , 7td4vd and md+vh,  have to be excited 
in the (d, t) reaction. Unfortunately, no such data are available at present. In order 
to identify these configurations (or at least some of them) in 124Sb one can compare 
the 124Sb level scheme with the level scheme of ' 22 5b [ref. 3)],  for which all these 
multiplets are firmly established. Indeed, the irgvh multiplet is located in the 
range 0-260 keV and in the range 0-180 keV in 1 22 S and 124 S respectively, the 
1rgvs doublet is located in the range 60-210 keV and in the range 80-210 keY in 
122  S and 124 S respectively. The close resemblance of both level schemes suggests 
that in 124 S the group of closely spaced levels of negative parity in the range 370-
450 keV (the 368 keV, 8 - , 371 keV, 7, 384 keV, 4, 419 keV, 3, 439 keV, 5 and 
445 keV, 6 levels) is an analogue of a group of levels between 280 and 420 keY in 
122 5b Since the levels in 122 S belong to the irdvh configuration beyond any 
doubt, it seems reasonable to assume that the levels of 124 S have the same con-
figuration. Note that in the 1 24 S level scheme up to 600 keV there are no other 
levels of negative parity (except for the levels with the irgvh, configuration dis-
cussed above). We clearly understand that the analogy is not the best way of 
establishing the configuration of the levels. But later we show that the probabilities 
of branched decay of the levels with the 7rdvh ll  configuration into the levels with 
the mgvh configuration is in very good agreement with the theoretical expecta-
tions. This justifies the identification of the 368, 371, 384, 419, 439 and 445 keY 
levels as members of the 1rd+vh.  multiplet. 
4.2. THEORY 
4.2.1. Energy splitting of p-n configurations. The energy splitting of p-n multiplets 
was calculated following refs. 19,20)  . The residual p-n interaction was chosen in the 
form 
= (V+ V1 7t+ V2S 12)exp(-r 2/r), 
where; = 11 - (a . c 1,)] is the singlet projection operator, V is the renormalized 
parameter of Wigner forces (the question of how to obtain the non-renormalized 
parameter of Wigner forces V0 is discussed in sect. 5), V 1 is the parameter of singlet 
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force, V 2 is the parameter of tensor forces, S 12 = (r a) (r c)r 2 --(c - ci,), r 
is the distance between the quasiparticles and r0 is the range parameter. 
Using the Racah technique and assuming jj coupling, calculations were made 
according to a code 21)  for states with total angular momentum J. Since the spherical 
oscillator wave functions were used as a basis, the calculated matrix elements depend 
only on the ratio x = r0/p, where p = (2/v) 4 = (2h/mw)4 is the oscillator radius 
(h(o is the energy of oscillator quantum and m is the nucleon mass). Using the known 
estimate for the energy of the oscillator quantum hw(MeV) = 41A 4 one can 
obtain x = 0.702 r0A 6 . The parameter x was taken to be 0.6 (the choice of x 
is discussed in sect. 5). The results of calculations reported in table 7 show a reason-
able agreement with the experimental data. The force parameters obtained from a 
least-squares fit to the levels with the iidvh and 7tg 1vh. configurations are: (i) 
the renormalized parameter of Wigner forces V' = —0.9 MeV; (ii) the singlet 
force parameter V 1  = 3.0 MeV and (iii) the parameter of tensor forces V 2 = — 4 
MeV. 
TABLE 7 
Energy splitting of p-n multiplets in 124Sb 
Multiplet 	 J" 
Level energy (keV) 
Et h Or 
g 7/2 'h 11/2 	 2 103 84 
3 0 65 
4 87 103 
5 131 88 
6 125 111 
7 180 99 
8 36 116 
9 124 
7rd 512 vh 1112 	 3 419 426 
4 384 412 
5 439 411 
6 445 405 
7 371 406 
8 368 389 
4.2.2. Probabilities of intermultiplet transitions. When calculating the energy 
splitting of the 7rd4vh and irg4vh multiplets, we assumed p-n configurations to be 
pure two-quasiparticle in nature. However, the levels of both multiplets can be 
mixed, if they have equaLspins. It-is clear-that the transition PrObabilitieS can depend 
critically even on a minute amount of configuration mixing. Indeed, if configuration 
mixing were absent, transitions between the dh and gh configurations would be 
impossible (we are considering only Ml transitions; for E2 transitions this is, of 
course, not true). So, we have considered the transition probabilities between the 
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levels of dh and gh multiplets assuming that both configurations can only mix with 
each other, so that the wave functions of the states of spin J with the dominant dh 
and gh configurations respectively could be written as 
iI'(dh) =(1 — c)Idh> +cIgh>, 
i(gh) = (1—c)Igh>—cIdh>, 
where Idh> and Igh> are the wave functions of pure two-quasiparticle states of spin 
J from the dh and gh multiplets respectively, (1 _C2 ) -I and c are the amplitudes 
of the dominant and the admixed components, respectively. Using standard formulae 
for reduced probabilities of the intramultiplet (reorientation) transitions [see for 
example ref. 22)]  and assuming as usual transitions of unknown multipolarity to 
be of Ml type one can get the transition rates between the members of the dh and 
gh multiplets and compare them with the experimental values. The results of such 
a comparison are presented in table 8. Since the lifetimes of the states involved in the 
calculation are unknown, we used their branching ratios for the analysi. As seen 
from table 8, the calculated and experimental branching ratios agree within a factor 
of about 2. For the sake of comparison the analogous data for 1 12 S [ref. 3)]  are 
given in the same table [these data differ somewhat from those reported by us in 
ref. 3),  as we made an arithmetic error in the calculations performed in that work; 
the basic result is however quite the same, namely, mixing amplitudes are small]. 
For both nuclei the amplitudes of the admixed configurations (see table 9) are equal 
on the average to 0.25 indicating the relatively pure two-quasiparticle character of 
the states of the dh and gh multiplets and thus justifying the assumption (used in 
calculating energy splitting in subsect 4.2. 1) that the states of both multiplets are of 
a pure two-quasiparticle nature. 
In the second column of table 8 the explicit formulae for the reduced probabilities 
of the transitions from the dh levels to the gh levels are listed. These formulae were 
derived from the exact formulae used in calculating the transition rates by neglecting 
some small values. It is clear that these formulae are still valid for transitions from 
the levels of the dh multiplet to levels of the gh multiplet in any nucleus where such 
multiplets exist, e.g. in 1 22 S and in "'Cs On 134Cs some formulae will be changed 
slightly because of the reverse sequence of the dh and gh multiplets). As seen from 
the formulae under consideration, the numerical coefficients are close to unity for 
aii the transitions except for some transitions between levels with equal spins. The 
coefficients are especially small for transitions between levels of spins 5 or 6. In 
other words the theory predicts a very small probability for the transitions 5 -± 
and 6 -' 6. And, indeed, such transitions were not found in 124Sb, 122 S [ref. 3)]  
and 134Cs [ref. 2)] 
All the calculations the results of which are presented in table 8 were performed 
using the following values of gyromagnetic ratios of proton, and neutron: gP = 
122 	 V. L. Alexeev el al. / 124Sb 
TABLE 8 
Branched decay of the levels of the 7td512vh1 1/2 multiplet into the levels of the 719,12vh1 1/2 multiplet 
Transition 
	 JP/JIh0C 
from/to C) 	B(M I) 
C) 	 energy (key) 	 mixing 	 1-forbidden 
122. 124 S 	122. 124 S 
	
122 S 	124Sb 	122 S 	124 S 	122  S 	124 S 






2g 1.20 c2 282.6 315.4 
0.4 0.9 0.1 0.5 
3g 1.31 C 204.5 419.1 
1.0 0.7 1.0 80 4g 1.98 (C 3 - l.12C4) 2 89.6 331.5 
4d -C 3d 1.93 28.6 
1.0 1.0 
8 90 
3g 1.54 (C4 - 1.12C 3 ) 2 233.1 384.5 
0.4 1.6 
4g 0.37 C2 118.3 296.9 1.2 
1.0 0.7 1.0 
5g 1.95 (C4 - 1.24C )2 46.8 252.8 
0.4 1.0 26 50 
5d - 4d 2.48 113.8 54.6 1.0 
1.0 1.0 1.0 
4g 1.60 (C5 - 1.24C4) 2 232.1 351.6 2.2 
1.4 150 50 
5g 0.054 C2 160.7 
b) 307.4 b) < 4 < 4 < 1.4 < 0.4 
6g 1.71 l.28C6) 2 153.3 313.9 1.1 
0.5 50 13 






5g 1.45 1.28C 5) 2 149.3 313.9 
6g 0.0084C 
142 • 0b) 3204b) <140 <14 <0.04 <1.3 
7g 1.40 (C6 -l.24C7 ) 2 148.9 265.6 1.0 
0.5 0.4 90 
7d -. 6g 1.21 (C7 -1.24C6 )2 246.6 
1.0 1.0 
<0.04 
7g 0.145 C 191.7 b) 
<5 
8g 1.0 1.09C8 ) 2 335.0 
1.3 0.1 
) Expression 3d -. 2g means that the y-transition (the 282.6 keV one) proceeds from the 3 level of the 
1/2 multiplet to the 2 level of the itg712vh1 1/2 multiplet. 
b) Transition was not observed. Upper limit of its intensity is taken to be equal to three standard deviations. 
C)  For C 1  values see table 9. 
TABLE 9 
Mixing amplitudes of the nd512vh1 1/2 and 719712vh1 1/2 configurations in 122 S and 124Sb 
Mixing amplitudes 
Nucleus 	
C3 	 C4 	 C5 	 C6 	 C7 
	 C8 
122 	S 	) 0.28 0.14 -0.28 0.20 
-0.40 
122 	S b) 0.22 0.22 -0.33 0.28 
-0.60 
124 S a) 0.06 -0.14 0.15 -0.22 0.60 	
-0.60 
'248b b) 0.06 -0.14 0.16 -0.21 
0.41 -0.44 
) Orbital gyromagnetic ratios for free nucleons g = 0 and g' = I and effective spin gyromagnetic 
ratios g = -2.07 and g. = 3.03 are used in calculation. 
b)  Gyromagnetic ratios g = 0, g' = I, g °  = -3.83 and g sP = 5.59 for free nucleons are used in 
calculation. 
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gree = 1, g = 	= 3.03, gfl = ge = 0 and g = 9., = — 2.07. The effective 
spin gyromagnetic ratios gn  and g were estimated from the magnetic moments of 
the proton and neutron = 2.62, j'(d) = 3.36 and p(h) = —1.0. Calcu-
lations performed with gyromagnetic ratios for free nucleons, g1fl = 0, g = 1, 
gn = — 3.83 and gP = 5.59, resulted in a worse agreement with experiment (on the 
average by a factor of 1.2), though the amplitudes of admixed configurations are 
again small and phases are the same, as in the previous case (see table 9). 
As shown above, transition rates between levels of the dh and gh configurations 
can be explained by configuration mixing, with 1-forbidden transitions neglected. 
We therefore tried to explain transition rates (branching ratios) by taking into 
account /-forbidden transitions only (& -4 g) but failed, as the experimental and 
calculated branching ratios differ sometimes by more than two orders of magnitude 
(see table 8). The reduced matrix element of the /-forbidden transition of Ml type 
was estimated from neighbouring odd-A nuclei. The inclusion in the calculation of 
both reorientation transitions due to configuration mixing and 1-forbidden transi-
tions did not improve the agreement between theory and experiment perceptibly 
compared with the case when only mixing was considered. So we have concluded 
that in ' 24Sb, as well as in 122 Sb, configuration mixing is necessary for describing 
branching ratios, while the /-forbidden transitions are not. 
4.2.3. Probabilities of intramultiplet transitions. The purity of configurations can 
in principle be checked by comparing the experimental and calculated lifetimes 
of the states of a multiplet. However, to carry out such a comparison is a very dif-
ficult task, because in most cases the lifetimes of the multiplet levels that decay 
usually via MI transitions with energies larger than 30 keV are too short to be 
measured (at least in this work). Nevertheless, in ' 24Sb we have a favourable situ-
ation, as the 125 keV, 6 - level has a measurable lifetime, 4 ns, because it is depo-
pulated by two E2 (not Ml) transitions to the 87 keY, 4 and 36 keY, 8 levels, 
with all three levels belonging to the mgvh multiplet. The calculated rates of both 
E2 transitions reported in table 4 are in reasonable agreement with the experimental 
values. 
4.2.4. Occupation numbers. According to the theory used in subsect. 4.2.1 the 
renormalized parameter of Wigner forces V can be expressed in terms of the non-
renormalized parameter V. and occupation numbers of protons and neutrons as 
= 
= (2j+ 1 —2n)(2j+ 1 —2S) 1 , AP = (2j+ 1 —2n)(2j+ 1 —2S) 1 , 
where in and jP are the total moments of neutron and proton, n and n, are the 
numbers of neutrons and protons at levels in and  j, respectively, S and S, are the 
quantum number seniority for neutrons and protons, respectively. In the following 
124 	 V. L. Alexeev el al. / ' 24Sb 
we shall assume S = 1 and S 9 = 1 as we consider only low-lying levels (Sn = 3 
or S, = 3 corresponds to the excitation of a pair of nucleons and, consequently, 
to the states, whose energy is larger than the energy gap 24). Since the parameter 
) varies from + 1 for n1 = 1 to - 1 for n i  2j and becomes equal to zero, if the 
subshell is half-filled [n = -(2j+ 1)], V = V. for particle-particle and hole-hole 
configurations, V'0 = - V0—V 1 for particle-hole and hole-particle configurations 
and V'0 = — V 1 , if the subshell is half-filled. In so far as, as shown later, V 1 < 1V0 1, 
the parameter V'0 = 0, the subshell is about half-filled. In this case energy splitting 
of a multiplet is especially small, as it depends only on a small parameter of singlet 
force (tensor forces influence mainly the states with spins 0 and I). 
Transforming formulae (1) one can get 
2 Vol 
 +V1 
A  (2) 
- V+V 1 ' 
ni = [2j1 +1—A 1 (2j1 -1)]. 	 (3) 
According to expression (3) one can determine occupation numbers n, if A 1 is known. 
Unfortunately, only the product of An  and 2, can be obtained from the expression 
(2). However, if one of the )L is known (for example from shell-model considerations) 
one can determine other )L and, consequently, the occupation number n 1 provided 
that the non-renormalized parameter V0 is known. Therefore, in order to obtain 
occupation numbers of neutrons in the 1 h subshell and protons in the 2d and 
lg subshells, we took the doubly odd isotopes 110—  "'In —67 (for which A., = — 1), 
122, 1 Sb 71 , 73 (for which A., = + 1), 'La 83 and 1 Pr83 (both with A n  = + I)59 
and 1 Cs 79 (for which An  1 and A., 1, but it is shown later how to obtain 55 
An and A9). Energies of the multiplets of the isotopes are listed in table 10. The energy 
splitting of these multiplets were calculated following the same theory that was used 
in subsect. 4.2.1. The parameters of the residual p-n interactions obtained are 
reported in table 11. As seen from the table, the parameters V'0 for ' 101n and " 2 1n 
are equal to each other and are the largest among all the nuclei. Since the 2d+  and l 
states are the lowest in the N = 50 —* 82 shell, it is reasonable to expect that the 
lh1,1 subshell in "°' 112 1n is nearly empty and contains only one neutron, so that 
A n = + 1 (as discussed above, A 9 = — 1). Then using formula (2) we obtained the 
value of the non-renormalized parameter of Wigner forces V0 for ' 101n and ' 12 1n 
and calculated values A and n for all the other nuclei with the same parameter V0 = 
—42 MeV (it is shown in the next section that the parameter V0 is indeed constant 
in the range A = 48 - 210). The results of calculations are presented in table 11 
and in fig. 8. All the calculations are performed with x = 0.6 (choice of the param-
eter x is made in the next section). Note that the parameters V'0 and V 1 depend 
strongly on x (e.g. V'0 = 48 MeV for x = 0.5 and V'0 = 14 MeV for x = 1.0; both 
TABLE 10 
Two-quasiparticle multiplets used for obtaining occupation numbers for the 2d 512 , Ig,, 2 and 1h 1!/2 states 
	
p-n config. 1g912 I h1 1/2 	
2d 512 I h1 1/2 	 1 9712 1 h, 1/2 	 19
712 2f712 	2d 512 2f,, 2 
Nucleus 	H0j 	' 12 1n 	' 14 1n 	116 1n 	' 2 Sb 	
124Sb 	134Cs 	122 Sb 	124Sb 	'34Cs 	
14 	142  ' 42 	' 40 Pr La 	
142 Pr 
Ref. 23) 	
23) 23) I) 3) this work 2) 




J = 0 Level energy (keV): 85  
I 1580) 0 103 201 0 	- 
2 
3 1482 	1280 1032 
I297) 
729 283 419 176 78 0 840 
0 18 	318 177 
4 1205 1001 836 555 311 




5 1006 	816 696 459 425 439 
268 264 131 450 35 
49 103 64 
6 856 670 574 373 414 445 
257 272 125 383 
7 800 	618 536 351 
371 265 180 344 285 
° '-° 	(l) 	QO 	 368 	139 	164 	36 
0 	 000 
9 1018 	794 641 366 
10 	1562 1382 	1217 	914 









Parameters of residual p-n interactions and occupation numbers of the 2d 5121  19 712 and I h1 112  states 
Nucleus 	1101n 	112 In 	'' 4 1n 	'' 6 1n 	122 S 	124 S 	 134Cs 	 40 1-a 142 Pr 
gf 	dl 	. 
-1.0.3 	15.6 	-6.2 
21 5.0 5.0 
p-n config. ) 	gh 	gh 	gh 	gh 	gh+dh 	gh+dh 	gh 	 dh 
V (MeV) 
V 1 (MeV) 
39 	39 	30 	25.4 	-7.2 
12 12 8 
-0.9 38.3 	 -7.3 
A. 	(h, 1/2) 
6.5 1.8 




-0.96 -* -1.0 n 	(h 112 ) 
2, 	(d512) 







3.3 A, 	(9712) 1.0 1.0 1.0 
', 	(97,2) 1.0 1.0 1.0 	-. 	II 





V. L. .4lexeev et al. / 124 S 
	
127 








Cs La P 
 
St 55 55 57 59 W 
____ 
772 ,V  total  rnimhr75 75 
•9 Is 	,S8 	Cs 	of ticutrons 
Fig. 8. Occupation numbers for the 1h, 1/2 neutron subshell depending on the total number of neutrons 
N. 
Shown in the insert are the occupation numbers for the 2d 512 and 19 7/2  proton states as a function of the 
total number of protons N 5 . 
values are given for 110,  112 In). However, as expected, occupation numbers n 
and n, are practically constant and do not depend on the parameter x. Typically, 
the occupation number n varies by 0.1 as the parameter x varies from 0.4 to 1.0. 
So, the error of each point in fig. 8 due to uncertainty in the parameter x (except for 
the point for ' 34Cs) is too small to be displayed. Error bars for "'Cs come from the 
fact, that 1An 1  1 and II 1 and consequently one can determine from expression 
(2) only the product 	= —0.96. As shown above, JAJ :!~ 1. Moreover, it is 
obvious that A n  < 0 for the lh subshell, as there are only three holes in the 
N = 
50 —+ 82 shell (the number of neutrons in "'Cs is 79). Since ). 	= —0.96, JA j I f-~ 1 
and ) < 0, —0.96 	- 1-  Inserting A n  in expression (3) one obtains 
10.8 	n 	11. The numbers 10.8 and 11 define the error bars of the point for 
134Cs in fig. 8. 
The occupation numbers for the h 2, neutron subshell can be compared with those 
from the (d, p) reaction on the isotopes of tin 26)  and with those used in the calcu-
lation of magnetic moments for isotopes of antimony 12). The corresponding values 
are shown in fig. 8. It is seen that occupation numbers derived from energy splitting 
of multiplets and from the (d, p) reaction are in good agreement. Note that the 
authors of the (d, p) work suggest that the uncertainty in occupation numbers is of 
the order of 30 %. Occupation numbers from ref. 12)  are systematically larger than 
those obtained in this work. Especially large deviations are observed for N = 65 
and N = 67 (1 16mSb and llSmSb) But the magnetic moment of 
116mSb calculated 
in ref. 12)  by taking occupation numbers into account could not be compared with 
the experimental value, because the magnetic moment of 
11 6,Sb  is unknown. So it 
is not clear to what extent the occupation number for the 1h.,,  state in 116mSb  is 
correct. The calculated and experimental magnetic moments for all the other anti-
mony isotopes could be and, indeed, were compared and showed reasonable agree-
ment with each other. It should be pointed out that magnetic moments of all the 
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doubly odd antimony isotopes were calculated using experimental magnetic mo-
ments of adjacent odd-A Sb isotopes. However, when calculating the magnetic 
moment of i8mSb,  the authors of ref. 12)  ignored the experimental value of the 
magnetic moment of '' 7Sb (p = 2.67) and took, instead, the interpolated value of 
3.45. Again, it is not clear to what extent such a procedure is warranted. So, in our 
viewpoint, the points for ll6m5b  and for 118 Sb can be ignored. The remaining 
points are in reasonable agreement with the data obtained from the energy splitting 
of multiplets in this work. 
Finally, we must make one remark about the theory used in this work. Strictly 
speaking, this theory describes a nucleus consisting of an inert core plus some 
nucleons outside the core. These nucleons interact with each other by relatively 
weak residual interactions and give rise to isolated (i.e. not interacting with each 
other) multiplets. It is however clear that in reality levels of one multiplet can inter-
act with levels of other multiplets and with levels of another nature. This inter-
action results in a shift in energy of multiplet levels and, consequently, in a change 
of occupation numbers of nucleons that will not necessarily be integral. It is for that 
reason that we assumed the occupation numbers in the expression (3) to be continu-
ous variables. A good agreement between occupation numbers obtained from energy 
splitting of multiplets and from the (d, p) reaction justifies, in our viewpoint, such 
an assumption. 
5. Parameters of residual p-n interactions 
In the previous section we assumed that the non-renormalized parameter of Wigner 
forces V0 and the parameter x = r0/p are constant in the range A = 110 —i 142. In 
this section we show that this is indeed the case. 
As discussed in subsect. 4.2.4, for most nuclei only the renormalized parameter 
of Wigner forces V can be obtained from energy splitting of multiplets. The param-
eter V depends on the quantity A i or on the occupation numbers n 1 . However, for 
nuclei with one proton (or proton hole) and one neutron (or neutron hole) beyond 
the doubly closed core one can determine the non-renormalized parameter of 
Wigner forces V0 = V (for configuration particle-particle or hole-hole) or V0 = 
- V'0 - V 1  (for configuration particle-hole or hole-particle), because for such 
nuclei i,,j = II = I. So in order to obtain the non-renormalized parameter V0 
we considered the nearly magic nuclei for which low-lying multiplets are known: 
48Sc, 88 Y, 90Nb, and 92  N and 210 13i. In addition we considered the semimagic 
nuclei 96Nb, ' 10 1n and 140La. The nucleus '' ° In was discussed in subsect 4.2.4 
where it was shown that in this nucleus lAn' = IAI = I. As far as 96 Nb is concerned, 
one can anticipate from shell-model considerations that A. = - I for the 2d 
neutron subshell. The nucleus "La was used only for calculating the radius of 
residual interactions r0. Energies of the multiplet members of the nuclei mentioned 
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TABLE 12 
Experimental spectra of the two-quasiparticle multiplets taken for calculating the parameters of residual 
p-n interactions V0 , V1 , V2 and r0 
Nucleus 	 4  8s 	88 y 90 Nb 	92  N 	96  N 	2 10]3i 
- 
p-n conlig. 	1f712 lf 1 	1g 912 Ig 	1g912 1g 1 	1g 912 2d 512 	
1g912 2d 1 	1h9122g912 
Level energy (keV) 
J 
	
ref. 27) 	ref. 28) 	ref. 
29) 	ref. 30) 	ref. 31) 	ref. 
32) 
0 6680 7050 5030 
47 
2525 3370 2126 
0 
2 1145 854 136 
632 319 
3 624 1282 651 286 
191 348 
4 253 989 328 481 
152 502 
5 133 847 285 358 
45 439 
6 0 712 122 501 
0 549 
7 1096 712 167 0 
233 433 
8 678 0 
582 
1478 271 
above are listed in tables 10 and 12. Energy splittings of the multiplets were calculated 
following the procedure adopted in this work for various values of the dimensionless 
parameter x. The quality of a least-squares fit of the theoretical level energies 
to the experimental energies EXP was defined as 
A E ( (E 
XP - Etheor)2\ 
\ 	N—k 	I 
where N is the number of levels in the multiplet and k = 4 is the number of param-
eters involved in a least-squares fit, namely, V0, V 1 , V 2  and one more parameter 
that determines the position of the multiplet as a whole relative to the ground state. 
The plot of AE versus x for some nuclei is shown in fig. 9. Since in 110 1n only eight 
members of the irgj 1 vh. multiplèt are known, we took for the determination of the 
parameter x (but, of course, not for the determination of the parameter V0) the same 
multiplet in " 6 1n, for which all ten members are established. Nuclei 48 Sc, 8 8 
Y and 
90Nb differ from all the nuclei considered, because the multiplets of these three 
nuclei contain very high-lying states (up to 7 MeV). As discussed above (see subsect. 
4.2.4), such states should not be treated in the framework of the theory used in this 
work. This is illustrated in fig. 10 from which it is seen that the position, at which 
Xmi n  for 88Y occurs, depends strongly on whether the states with 
EXC > 2 MeV are 
included in the calculation or not. If the 7050 keV, 0' and 3370 keV, 1 + states are 
omitted from the calculation, the position of Xmin becomes stable (on the average, 
Xmin = 0.72). The quality of the fit AE decreases sharply, as the 7050 and 3370 keY 
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S 
Fig. 9. Dependence of the quality of the lit A E 
for the multiplets in °2 Nb, 96 Nb, ' 16 1n, 140La 
and 2 ' ° Bi on the dimensionless parameter x. 
Fig. 10. The dependence of the quality of the 
energy lit AE for the 1rg 912 vg9 , multiplet in 
88Y on the parameter x = r0/p. The figures 
near each curve indicate the number of levels 
(listed in table 11) included in the calculations; 
for example 9 means that all the levels are in- 
cluded, 8 means that 0' level is excluded, 7 
means that the 0 and I + levels are excluded and 
so forth. 
states are excluded from the calculation, and becomes constant for all other sets of 
levels. Similar results were obtained for 48  S and 90Nb. We therefore did not include 
levels with EC > 2 MeV in the calculations. With the values of Xm i n obtained, one 
can see how the parameter x depends on mass number A. This is illustrated in fig. 
11. The smooth curve in the figure is a least-squares fit of the theoretical curve 
x = r0/p = 0.702r0A' 16  (see subsect. 4.2.1) for r0  = const. The dependence of 










40 	lo 	fX 	/6 	coo 
Fig. II. The dimensionless parameter x as a 
function of the mass number A. The curve in the 
figure is x = 0.702r0 A 116 . 
40 	*' 	180 	AT 	800 
Fig. 12. The dependence of the radius of residua! 
interactions ,0 = 1.424x,4 1/6 on the mass number 
A. The straight line in the figure corresponds to 
r0 = 1.9 fm. 
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TABLE 13 
Parameters of residual p-n interactions 
Nucleus 	x rn , 	r0 (fm) 	x 
C) 	V. (MeV) b) 	V 1 (MeV) b)  V2 (MeV) b) 
48Sc 	0.72 	 1.96 	0.69 -37 10 -9 
0.72 2.16 0.62 -27 13 -5 
90Nb 	0.65 	 1.96 	0.62 -31 18 -28 
92 	N 0.54 1.63 0.62 -34 23 +3 
96  Nb 0.57 	 1.74 	0.61 -26 15 -4 
1 101 	0.73 	 .Cd) 	2.30 ') 0.59 C) -29 8 -6 
140 La 0.50 1.62 	0.58 
2  1013 	0.45 	 1.56 0.54 -40 9 -29 
average ') 	 1.9(3) -32(6) 14(6) 
C)  Values of x are obtained from a least-squares lit of the curve x = 0.702r0A 6 to the experimental 
points Xm i n 
') Value of the parameter is taken for x = Xm i n 
C)  Value listed is given for 116 1n. 
d)  This value is used for determining the parameters V0 , V 1 and V2 of 	° ln. 
C)  Errors are calculated by assuming the parameters V0 , V 1 and r0 to have gaussian distribution. 
that the radius r0 = 1.424xA 116 fm is about constant in the range A = 48 - 210 
and is equal to 1.9 ± 0.3 fm. The parameters of residual interactions V0 and V 1 are 
listed in table 13 and are shown in fig. 13. The parameter V 2 is given only in table 12. 
As seen from fig. 13, the non-renormalized parameter of Wigner forces V0 can be 
considered to be constant in the mass range of interest. The same (but to a some-
what less extent) is true for the parameter of singlet force V 1 . So, the final result is: 
V0 = - 32±6 MeV, V 1 = 14±6 MeV, r0 = 1.9±0.3 fm and x oc r0 A 6 (the 
uncertainty of x is determined by the error of r0). The errors of the parameters are 
calculated by assuming that the values V0, V 1 and r0 have gaussian distributions. 
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Fig. 13. The non-renormalized parameter of Wigner forces V0 and the parameter of singlet force V 
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should be treated with great caution. For this reason we believe that V0 = — 42 MeV 
used in calculations of occupation numbers in subsect. 4.2.4 is in reasonable agree-
ment with the value V0  = — 32± 6 MeV obtained in this section. Note, that V0 = 
—42 MeV (for 110 '" 2 1n) corresponds to x = 0.6 and r0 = 1.9 fm. If one takes 
r0 = 2.2 fm, then x = 0.7 and V0 = — 32 MeV. The latter value coincides with the 
value V0  = — 32±6 MeV arrived at in this section. 
6. Conclusions 
In this paper we have presented the level scheme of doubly odd 124Sb and have 
identified some low-lying p-n multiplets in this nucleus. The plausibility of identifi-
cation has been further confirmed by calculation of the energy splitting and branching 
ratios of negative-parity multiplets. Using the available experimental data on energy 
splittings of multiplets in other nuclei we calculated the occupation numbers of 
neutrons in the 1h subshell and protons in the 2d.,. and lg subshells and showed 
that they are in good agreement with the data known from the literature. Finally, 
we have shown that the parameters of residual interactions can be considered to 
be constant in the mass number range A = 48 -p 210. 
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and T. K. Korotkova, E. I. Fedorova and L. P. Kabina for their help during ex-
perimental data processing. The assistance of J. Almeida and A. F. Diggory is also 
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THE CURVED CRYSTAL GAMMA RAY SPECTROMETERS "GAMS 1, GAMS 2, GAMS 3" FOR HIGH 
RESOLUTION (n, y)  MEASUREMENTS AT THE HIGH FLUX REACTOR IN GRENOBLE 
H.R. KOCH *, H.G. BORNER, J.A. PINSTON t, W.F. DAVIDSON, J. FAUDOU, R. ROUSSILLEt and O.W.B. 
SCHULT * 
Institut Max von Laue—Paul Langevin, Grenoble, France 
Received 29 November 1979 and in revised form 17 March 1980 
• DuMond-type curved-crystal 7-ray spectrometers have been constructed and installed at the High Flux Reactor in Grenoble. 
They are used for the measurement of low energy -t-rays up to about 1500 keV emitted by an in-pile target after neutron capture. 
The target is located - in the center of the tangential throughtube where the flux of thermal neutrons is -5.5 X 10 14 /cm 2 s. Two 
separate spectrometer systems, one of focal length 5.76 m (GAMS 1) and the other of focal length 24.0 m (GAMS 2/3) view the 
source from the opposite ends of the beam tube. The GAMS 1 spectrometer is designed to operate in the 7-ray energy interval 
20 400 keV. Angular resolutions as small as 1.1 arcsec have been achieved with this instrument. The GAMS 2/3 system 
consists of two spectrometers on top of each other, operating at +OB ragg and 0Bragg'  respectively. The GAMS 2/3 diffrac-
tometer is designed to cover the energy interval 200 1500 keV. Minimum line widths of —0.8 arcsec have been achieved. 
In routine measurements the detection sensitivity for neutron capture 7-rays is -1 mb, for GAMS 1 between 80 keV and 300 keV 
and for GAMS 2/3 from 300 keV to 800 keV. Both spectrometer systems allow for source migrations due to heating effects in the 
beam tube. The reflection angles in the spectrometers are measured with Michelson-type angle interferometers. The spectrometers 
serve mainly for nuclear structure studies. 
1. Introduction 
A great variety of methods has been used for the 
study of the structure of nuclear states. At present, 
in-beam spectroscopy [1] at accelerators is the most 
powerful method for the investigation of high spin 
states. For the detailed understanding of nuclear 
excitations information on low spin states is essential, 
however. An excellent example is the discovery [2] 
of the 0 (6) limit of the interacting boson model [3]. 
In general, high spin and low spin state spectroscopy 
studies are complementary [4]. Nuclear excitations 
with low angular momenta can be studied very well 
by 'means of the (n, 'y) reaction where, to a good 
approximation, all low spin states are populated 
through the 7-ray cascade deexciting the capture 
state. This implies that (n, 'y) spectra exhibit very 
complex structures. Of interest for tests of nuclear 
models are the high energy portion of the primary 
spectrum that can be resolved into its components 
with Ge(Li) spectrometers and the low energy por- 
* Present address: KFA Julich, Institut für Kernphysik, Ger-
many. 
Present address: CEA Grenoble, France.  
tion (with 7-ray energies up to about 2 MeV). High 
quality data must be measured with the best instru-
ments. For singles 'y-ray measurements curved crystal 
spectrometers yield the best resolution and energy 
accuracy for low energy photons. Their small sensitiv-
ity requires the use of very strong sources which can 
easily be obtained at a reactor with very high flux and 
due to the fact that n-capture cross sections are often 
much larger [5] than those for charged particle 
induced reactions. 
Curved crystal spectrometers have been used 
[6-8]. for (n, ) spectroscopy already in the past. 
The results obtained have contributed significantly to 
our understanding of deformed nuclei (see e.g. ref. 9), 
especially in combination with other data [10]. Here 
the conversion electron spectra and the primary 
7-ray spectra from n-capture have proven to be of 
vital importance. As primary (n, 7) spectra of high 
quality can be taken also at reactors with medium 
high neutron fluxes, the primary interest was to 
install curved crystal spectrometers [11] and a con-
version electron spectrometer [12] at the High Flux 
Reactor in Grenoble. The conversion electron spec-
trometer has been described elsewhere [12]. 
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been designed and built so that both their resolution 
and energy accuracy and their sensitivity have been 
significantly improved in comparison with previous 
systems. High energy accuracy facilitates the place-
ment of weak transitions in the nuclear level scheme 
exploiting the Ritz combination principle. In the fol-
lowing the curved crystal spectrometers are described 
in detail. Some information on these spectrometers is 
included in the recent review on diffraction spec-
trometers by Knowles [13]. 
2. Design of the curved crystal spectrometers 
Focusing crystal spectrometers are either of the 
Cauchois geometry [14,8] or the DuMond geometry 
[15,6,7] - The latter arrangement requires a narrow 
source and thus a fairly small amount of source 
material which allows the use of enriched isotopes 
and which reduces nuclear heating problems at a high 
flux reactor. Therefore, the total radioactivity of the 
source of a DuMond spectrometer is about three 
orders of magnitude weaker than that of a Cauchois 
spectrometer. This makes the source change proce-
dure easier. On the other hand the orientation of the 
source and its stability during the measurement 
require very careful mounting and control of the 
source position if high accuracy is aimed at. Experi-
ence with the automated Risg spectrometer [16] 
indicated that the problems with the source mounting 
and control could be solved. Therefore the DuMond 
geometry was chosen for the Grenoble spectrometers. 
The energy resolution AE, of a crystal diffraction 
spectrometer is obtained from Bragg's law 
nhc 
2d sin O 
as 
2d 
E. cosO iO 
nhc 
where n is the order of reflection, d is the lattice con-
stant, 0 is the Bragg angle, and A O is the angular 
width of the reflection of a y line with energy E7 . For 
the instruments under discussion quartz crystals 
reflecting from the 110 planes (d = 246 pm) have 
been chosen. 
For a DuMond type spectrometer i0 results from 
the convolution of various functions [17] describing 
the source geometry, the regularity of the crystal 
curvature, the diffraction pattern, which depends on  
the crystal structure, and crystal size effects. For . a 
crystal size optimized [18] for a DuMond spectrom-
eter at a throughtube of a reactor the dominating 
contributions to the line width z0 are the source 
width AO, in the direction of the dispersion of the 
spectrometer, the crystal bending width z0, and the 
intrinsic diffraction width i0r of the crystal. For 
photons with E y < 300 keV, M and L0 C can be 
made smaller than LO r in the lower (n = 1-3) orders. 
For photons of £7 1 MeV, on the other hand, M 
is negligible so that one should try to minimize AO c 
and 
At Risql a quartz crystal has been successfully bent 
to L0 C 1.1 arcsec so that a line width LE7 of only 
300 eV could be obtained at E7 - 800 keV [19]. 
During this measurement, however, an extremely 
narrow (0.02 mm wide) source had to be used in 
order to keep i0 sufficiently small. In general it is 
quite difficult to fabricate such thin sources which 
remain flat under the conditions prevailing in a 
channel close to the core of a high flux reactor. As 
is determined by the ratio of the geometrical 
source width s and the focal length f of the curved 
crystal, wider sources can be installed if the focal 
length is correspondingly larger. Therefore, the 
influence of the focal length on the counting rate was 
studied for larger focal lengths. 
As long as the crystal is effectively thin for the 
photons to be diffracted [20], the integral reflection 
power is proportional to its thickness. If a crystal 
(with a given aperture area A) has a thickness propor-
tional to the focal length f, i.e. t = t0f then the maxi-
mum tension of the curved crystal plate is kept con-
stant. Also the source width s can increase propor-
tionally to f without increasing O: s = sJ. Thus the 
counting rate becomes I ooAts/.f = At 0s0 which does 
not depend on f. 
At constant angles of incidence even the source 
height can be increased with f so that the r 2 loss is 
overcompensated. In addition the background in the 
surrounding of the reactor is less at larger distances 
and the fraction of the background photons from the 
interior of the channel decreases as the mass of the 
source material increases with s, because in the limit 
it is impractical to reduce the amount of structural 
material supporting the source whenever very small 
amounts of enriched isotopes are used. 
For this reason very thin sources could be used at 
Riso only in cases where the neutron capture cross 
sections were very large [19]. Finally a larger focal 
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mation of the photons from the source so that even 
scattered background components are kept at a lower 
level. 
These considerations have led us to design for the 
(n, y)  spectroscopy of radiation with E7 > 200 keY 
an instrument with a focal length  = 24 m, which was 
limited only by the radius of the reactor building: r = 
30 m. 
For the control of the source motion during the 
operation of the reactor this instrument was designed 
to consist of two essentially identical spectrometers 
with their crystals at close distance on top of each 
other looking at the source and rotating in opposite 
directions in a synchronous fashion. The exact source 
position is then directly determined through the posi-
tions of the reflections of one and the same 7-line 
detected with the two 24 in spectrometers GAMS 2 
and GAMS 3. - 
The low-energy portion of the (n, y) spectrum is 
measured with a spectrometer which closely resem-
bles the Risl spectrometer (f= 5.8 m), and which is 
equipped with the old (1.1 arcsec) R1Ø crystal so that 
Mc < AO,, AOr for practically all cases. This ensures 
very good resolution in routine measurements. The 
choice of another focal length was not found worth-
while because the RisO crystal is "thick" for E7 up to 
about 150 keV. 
Source movements affect spectra measured with 
instruments of shorter focal length more strongly. 
Therefore, a control system was designed which 
monitors the source position by X- or y-ray diffrac-
tion and which is located close to the 5.8 in diffrac-
tion spectrometer GAMS 1. 
The spectrometers GAMS 1 and GAMS 2, GAMS 3 
are located, at the opposite sides H7 and H6, respec-
tively, of the horizontal through tube of the Grenoble 
High Flux Reactor. Fig. 1 is a schematic display of 
the diffraction spectrometer arrangement. 
A detailed investigation [21] of the angle measur-
ing system at the automated Riso spectrometer has 
shown that the accuracy of such a mechanical system 
is limited to —0.18 arcsec. For diffraction line widths 
as small as 1 arcsec, however, an angle measuring sys-
tem is needed with an accuracy which exceeds that of 
the mechanical device by one order of magnitude. 
The spectrometers GAMS 1, 2, 3 were therefore 
equipped with interferometers for the angle mea-
surements. 
In order to achieve high sensitivity (which we want 
to define as the number of counts in the peak of a 
line divided by the square root of the number of total 
background counts) at the curved crystal spectrom-
eters, the total system shown in fig. 1 had to be op-
timized including, in particular, the beam hole and 
the in-pile collimators. 
3. The in-pile components 
The measurement of neutron capture gamma 
radiation with a diffraction spectrometer requires a 
target position in the region of high neutron flux 
close to the reactor core. In order to minimize back-
ground, the only strongly radiating material which 
can be seen by the spectrometer must be the sample. 
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Fig. 1. Schematic arrangement of the curved crystal 'y-ray spectrometers at the tangential through tube of the High Flux Reactor 
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tube together with special collimators which shield 
the spectrometer against the extremely intense radia-
tion coming from the wall of the central region of the 
beam tube. 
3.1. The (n, y) channel 
In order to obtain the maximum sensitivity, the 
throughtube H6—H7 at the High Flux Reactor in 
Grenoble was placed at the optimum distance from 
the core. For this purpose the location was chosen 
where the ratio between the thermal neutron flux and 
the square root of the y heating [22] has its maxi-
mum. Based on the experience of the (n, y) group at 
Riso the diameter of the tube was kept at its mini-
mum. 
The thermal neutron' flux amounts to about 5.5 X 
1014 /cm2 s in the center of the 100 mm wide alumi-
nium throughtube. The tube is filled with He-gas of 3 
torr in order to guarantee an effective cooling of the 
7-ray sources. 
3.2. The (n, y) sources 
The ideal source for a DuMond-type curved crystal 
spectrometer is a very narrow (M <.ZO r) short and 
straight line source, placed on the focal circle, in 
parallel with the diffracting lattice planes of the crys-
tal. The sources of the GAMS spectrometers are verti-
cal lamina of the dimensions around 40 mm X 5 
mm X 0.1 mm (see fig. 2). The 5 mm long side is 
parallel to the beam axis. The volume of the source 
corresponds to a weight of 100 mg at a density of 
5 g/cm3 . The lamina is kept straight to within 0.02 
mm by a special holder. During the first test runs it 
has been found out that the source was vibrating 
perpendicular to the tube axis. This motion in the 
direction of the dispersion of the spectrometers had 
the effect of increasing the apparent width AO, of the 
source by a significant amount. The source suspen-
sion was therefore modified in such a way that suf-
ficient stability and friction is present in the carrier 
rod (which can no longer rotate around its axis in its 
support) and in the suspension strip (which can slide 
around the carrier rod). These measures have reduced 
the vibrational amplitudes to a level which does no 
longer impair high resolution studies. 
In order to minimize background components that 
come from immediate neigbourhood of the source 
and cannot be shielded, the source holder is fabri-
cated out of materials with low neutron capture cross  
—tU 
Fig. 2. Holder for the (n, 'y) sources. On the left hand of the 
figure, an aluminium source holder is shown. Only the U-pro-
files with the source in between and the lower part of the 
suspension strip can be seen by the spectrometers. On the 
right hand a graphite holder is depicted together with an 
enlarged section through its central region seen by the spec-
trometers. 
section. In addition the amount of material is kept 
small in order to minimize the flux of Compton scat-
tered photons originating mainly from the reactor 
core. For most of the sources an Al-foil is used with a 
weight of about 100 mg. Sources which are heated to 
higher temperatures are enclosed in a graphite holder 
of normally 700 mg. 
Gamma radiation emitted from the source towards 
the H7 side of the channel (see fig. 1) is transmitted 
by a fixed collimator to the crystal of GAMS 1. 
Photons leaving the source in the opposite direction 
towards the curved crystals of GAMS 2/3 are trans-
mitted by a collimator in a movable plug, a suitable 
opening in the beam shutter and in the central hole in 
the shielding for the source holder. 
3.3. The source holder 
The 7-ray source is suspended (see fig. 3) from the 
front end of a 1.80 in long zircaloy tube with 88 mm 
internal diameter, 1 mm thickness at its source end 
and 2 mm thickness at the rear end where the tube is 
attached to the movable source holder plug. The 
suspension of the source can be rotated by ±10 0  
around a vertical axis, allowing the adjustment of the 
flat sources parallel to the beam tube in order to 
minimize L05. 
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The rotation is effected by axial displacement of a 
steering rod, leading from the source suspension to 
the source holder plug. There it is connected with a 
manually operated mechanical system located outside 
the beam tube atmosphere. A 30 cm long graphite 
tube with an external diameter of 88 mm and a wall 
thickness of 5 mm has been inserted into the front 
end of the source holder tube (see also fig. 3). It stops 
28 electrons from the 13-decay of Al produced through 
neutron capture in the wall of the through tube and it 
thus reduces the generation of bremsstrahlung in the 
(n,y)source. 
3.4. The in-pile collimators 
The beam collimators are constructed in such a 
way that no strongly radiating material except the 
(n, y)-source can be seen by the spectrometers (see 
fig. 4). The collimator plugs contain lead diaphragms 
- of 10 cm thickness, layers of B 4C for neutron absorp-
tion and steel spacers (see fig. 3). The front surfaces 
of the collimators, which are seen by the spectrom-
eters of the opposite side, are covered with layers of 
6 UF In order to diminish the background due to 
scattering at the edges of the diaphragms, the beam 
defining apertures have been placed 50 cm (side 1-16) 
and 40 cm (side 1-17) behind the tips of the collima-
tors. Thus they are partially shielded against the 
radiation from the aluminum and zirconium tubes. 
The diaphragms between the beam defining aperture 
and the tip of each collimator cannot be seen by the 
spectrometer which is located behind that collimator. 
The inner surfaces of the other diaphragms are 
inclined with respect to the beam axis. Photons 
scattered on these surfaces in forward direction can- 
lz not reach the gamma-detectors of the spectrometers 
in a direct way either. 
The GAMS 1 collimator is rigidly installed at the 
CD 
H7 side of the channel. The inner collimator for 
GAMS 2/3 is mounted in the source holder plug 
which carries the source holder tube at its front end. 
The source holder plug together with the source 
holder tube can be withdrawn from the normal posi-
tion on the 116 side (see fig. 3) for changing sources. 
3.5. The source changing procedure 
For the exchange of sources the complete source 
holder can be driven out of the reactor beam tube 
even during full reactor operation. The source holder 
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Fig. 4. Geometry of the 7-ray beams of the GAMS-spectrometers. The ordinates of the vertical and of the horizontal section along 
the beam tube axis have been expanded by a factor 100 with respect to the abscissa. 
security vacuum valves and the beam shutter. It stops 
when the target has arrived in the source changer (see 
figs. 1 and 3). The beam shutter consists of a drum, 
which is eccentric with respect to the beam tube and 
with its axis parallel to the beam axis. Corresponding 
to three different angular positions of the drum the 
following elements can be brought into the beam 
axis: 
beam collimator for normal spectrometer oper-
ation, 
open tube, to permit the passage of the source-
holder (fig. 3 shows the drum in this position), 
radiation absorbing plug to close the beam. 
When the source holder is withdrawn the absorber 
plug can be moved from the shutter into the beam 
tube of the reactor to a position which is normally 
occupied by the collimator plug. In this state the 
radiation level is sufficiently low to permit an opera-
tor to work at the source changer at full reactor 
power. Radiation from the activated sources and their 
holder is attenuated by 25 cm of lead. The sources 
can be handled by remote control. Fresh samples are 
first inserted into a special carriage outside the source 
changer. This is done within a special glove box, if the 
samples are radioactive. The carriage can then be 
moved into the source changer where the sample can 
be lifted by a grab and installed at the front end of 
the source holder tube. Used sources, which should 
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be preserved for further measurements, are stored in 
another carriage, which remains in general in the 
shielded area of the source changer. 
4. Description of the crystal spectrometers 
In a routine measurement the whole (n, y) spec-
trum is scanned point after point from about 30 keV 
on up to 2 MeV. For constant angular distance 
between these points there are as many steps between 
50 keV and 100 keY as in the whole spectrum above 
100 keV. This feature of Bragg's law has led us to 
operate two spectrometer systems in parrallel: GAMS 
1 for the lower energy region and GAMS 2/3 for the 
upper portion of the spectrum (200 keV-2 MeV). 
This mode of operation makes optimum use of the 
through tube at the high flux reactor. 
4.1. GAMS 1 
4.1.1. The crystal 
The main component of the curved crystal spec-
trometer GAMS 1 is the bent crystal, which has 
already been in use at the Riso spectrometer [16] and 
which has a very uniform curvature permitting a line 
width of only 1.1 arcsec (") for diffraction of high 
energy photons [191.  This crystal has been bent by 
"imprisonment" between two steel blocks with 
cylindrical surfaces which had been lapped manually 
to very high accuracy. With the use of standard 
sources (-0.07 mm wide) the diffraction-line widths 
of low-energy photons are about 3". 
4.1.2. The angle measuring system 
For the point by point measurement of a spectrum 
with line widths between 2" and 4" a minimum step 
width of '-0.5" is reasonable. The precision of the 
measurement of the angular orientation of the crystal 
needs not be better than about 1/2 of the inevitable 
uncertainty in the location of lines in the spectrum. 
These errors arise from statistical fluctuations and 
from variations of the line-shape. Changes of the 
alignment of the source cause variations of the width 
and of the squewness of the lines. In addition, the 
complexity of the (n, 'y) spectra implies an inherent 
uncertainty due to the presence of complex struc-
tures which lead to peak shifts. Therefore, an accu-
racy in the angle measurement of about 2% of the 
width of a well resolved diffraction line was con-
sidered a good design value. The emphasis on preci- 
end mirror 












Fig. 5. Sketch of the arrangement of the mirrors and of the 
laser main beam path in the interferometer of GAMS 1. The 
laser is a simple nonstabilized He—Ne laser. The guide beam is 
used for guiding the detection system of GAMS 1. The light 
beams move on the mirrors Ml and M2 and on the end 
mirror during the rotation of the unit. 
sion in the (n, y) studies is clearly different from that 
in measurements of fundamental constants and 7-ray 
standards, where extraordinarily high angular accu-
racy has been achieved [23]. 
The angular setting of the curved crystal of GAMS 
1 is measured by means of an interferometer. The 
arrangement of the mirrors of this Michelson type 
interferometer (see fig. 5) has been adopted from a 
system realized by Borchert [24] and used for exten-
sive measurements [25] of very accurate relative 
energies of 7-ray standards with a curved crystal spec-
trometer [26]. The optical path of one branch of the 
interferometer changes with the rotation of the unit 
that rigidly connects a pair of parallel mirrors Ml and 
M2, giving rise to periodic changes of the light inten-
sity at the interferometer output. The rotation unit 
of the interferometer bears the diffraction crystal. 
The light beam of 8 mm diameter is produced by 
expansion of a standard He—Ne laser beam. The end 
mirror of that interferometer branch, which does not 
move during rotation, is divided into three 120 0 -sec-
tor fields by aluminum layers, which vary in steps of 
X/8, giving rise to light beams with the phase relation 
00 -900 -1800 . After interference with the other 
branch of the interferometer the same phase relation 
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holds for the intensities of the resulting partial beams, 
which vary with the angle of incidence p of the beam 
of light on the mirrors Ml and M2, roughly as 1 + 
sin(/c). Two signals of phase difference 900 are 
used for the determination of the sense of rotation 
and for the electronic step counting (one count up or 
down per period). With the two signals with a phase 
shift of 1800  the angular setting of the spectrometer 
crystal is stabilized between the positions of step 
counting at an orientation,. where the two analogue 
signals are equal. With, this interferometer and the 
associated electronic system angles are set with a 
precision of 7% of the step width of '-0.46", 
corresponding to '--'0.033". Coarse adjustment of the 
angle 0 of the curved 'crystal is performed by means 
of a dc-motor and worm gears. Fine adjustment 
between the positions of step counting is accom-
plished by a piezoelectric system. 
The length of the optical path (see fig. 5) is given 
by L = 4D sin p. With the Bragg angle 0, we obtain 
for the number N of angular steps of the interferom-
eter 
N='N0 	[sin(0 + Po) - sin po] 
where X1 = 632.8 nm is the wavelength of the laser 
light. Step number N =No corresponds to 0 = 0, and 
= corresponds to the interferometer mirror 
setting, where 0 = 0. With = 45 0 and D = 100 mm 
the resulting angular step width is 0.46"/cos 0. 
With Bragg's law nX = 2d sin 0 (X,1 = wavelength 
of the -y quantum) and with the notation K = X 1 /4D 
we obtain for the wavelength of the radiation, which 
is diffracted at step number N: 
X, = 	sinarc sin[sin 'Po  +K(N— N0)] - Po}. 
The values of K and 	are characteristic spectrom- 
eter constants, while No may vary slightly from one 
measurement to another because the exact position 
of the source varies somewhat from source to source. 
The actual values of K and No are determined by a 
least-squares fit using the measured positions of 
strong lines in several reflection orders. We obtain 
K— 1.5 X10. 
It is obvious, from the last equation, that a very 
accurate measurement of X requires a correspond-
ingly constant lattice parameter d and an appropriate 
stability of the atmosphere within the interferometer. 
Therefore, the interferometer, the main crystal and 
the control crystal were enclosed in a box, whose  
temperature is stabilized to within 0.1 0 . The nitrogen 
atmosphere of the box is controlled to (760 ± 3) torr. 
4.1.3. The 7-detection system 
Gamma rays reflected from the 110 planes of the 
curved crystal are transmitted by a Soller slit collima-
tor and detected in a 5 cm X 5 cm Na! scintillation 
counter placed in the center of an effective shield 
[consisting of borated paraffin surrounding lead (15 
cm thick)] against neutrons and background radia-
tion. The detector, shielding and collimator are also 
components of the previous Risl spectrometer. The 
1.4 in long Sofler collimator serves as a shield of the 
very intense direct 'y beam especially at small angles 
where the direct beam overlaps the beam of dif-
fracted photons. The detection system with the heavy 
shielding rolls on two pairs of straight rails, which are 
perpendicular to each other, allowing the movement 
on a circle around the spectrometer axis. The system 
is guided by* a light beam from the interferometer 
laser. This beam is reflected by a mirror located on 
the spectrometer axis on the holder of the main crys-
tal and it is detected by a differential photo cell 
attached to the detector system. In this way the 
detection system is always kept at the angular setting 
20 while the curved crystal is at 0. 
4.1.4. The source control system 
The interferometer measures directly the changes 
of the angular orientation of the main diffraction 
crystal relative to the base plate of the interferom-
eter. If this base moves with respect to the 7-ray 
source, the measurements of diffraction angles will be 
incorrect. Displacements of this kind certainly occur, 
because the position of the free source end of the 
source holder tube (see fig. 1) can move by amounts 
of the order of 1/10 mm, probably due to tempera-
ture changes in the beam tube. Furthermore, the 
interferometer itself may move with respect to the 
reactor hail, as it is supported by soft rubber elements 
for vibration damping. Such effective source dis-
placements are determined with the help of a control 
diffraction spectrometer, whose curved crystal fol-
lows the movement of a strong line from the source 
used as a reference line. For this purpose the control 
crystal is adjusted to the reflection of the intense 
reference line at the beginning of each measurement. 
The control crystal is able to perform small angular 
oscillations around the center of the line. The num-
bers of photons, measured in the detector of the con-
trol crystal spectrometer while the control crystal 
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periodically swings through each wing of the refer-
ence line, are compared with each other. Any inequal-
ity in the counting rate is fed back and used to shift 
the center of the oscillation until the counting rates 
are statistically equal. For each point of the spectrum 
which is measured with the main crystal, the corre-
sponding angular position of the control crystal is 
recorded so that the relevant source corrections of 
the Bragg angles can be made after completion of 
each run. 
The control crystal is mounted in front of the 
main crystal on top of a torsion tube the bottom of 
which is rigidly fixed to the interferometer base (see 
fig. 6). Adjustment of the control crystal on the 
Bragg reflection of the reference line is accomplished 
manually by rotation of the crystal holder with 
respect to the torsion tube by means of a micrometer 
screw. Fine adjustment, rotations up to 20" are 
produced through the application of a torque to the 
top of the torsion tube. This set-up is free from 
mechanical play, and no high precision components  
are needed to perform rotations at a precision level of 
0.01 " . The torsion tube has the dimensions 25 mm 
diameter X 50 mm X 1 mm. It is fabricated out of 
quartz glass because this has low mechanical hyster -
esis [27]. The angle of rotation is therefore propor -
tional to the torque. 
A variable torque is applied to ensure that the con-
trol crystal follows the angular motion of the center 
of the reference line. This is achieved by a weight 
which moves under the operation of a step motor 
along a horizontal beam as shown in fig. 6. 
The two sides of this beam are loaded alternatively 
by weights. In that way an additional torque of con-
stant size and alternating sign is produced, causing the 
oscillatory rotation of the control crystal around the 
center of the reference line. 
For each angular step of the GAMS 1 main spec-
trometer one control cycle is executed. The number 
of angular steps dN of the main crystal which corre-
sponds to a number dS of steps of the sliding weight 
depends on the angular position of the main crystal, 
Fig. 6. Arrangement of the control crystal and the main crystal of GAMS 1 and of the mechanism for the motion of the control 
crystal. After reflection at the control crystal reference-line photons pass the main crystal for detection in the scintillator of the 
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because of the non-linear interferometer function 
N(0): 
dN1dS=CdN1d0 =CV'{l - [(N—N o )- K + l//2] 2 } 
The characteristics of the control crystal system enter 
through the constant C, which has been determined 
through the measurement of a certain line at different 
source positions. 
4.2. GAMS 213 
The advantage of the combination of GAMS 1 
with a spectrometer of a focal length of 24 m have 
been discussed in section 2. In order to correct for 
displacements of the source, the system consists of 
two curved crystal spectrometers of 24 m focal 
length. These spectrometers are operated symmetri-
cally with respect to the axis of the direct beam. 
While one of the crystals is oriented at an angle +0 1 , 
th other crystal has the angular position 02 = —01. 
Assuming that both positions correspond to the 
center of a certain 7-line, the Bragg-angle 0 is given by 
0 = (0 1 - 02). When the source is displayed by 60, 
the lines will appear at 011  = 01 + 60 and 0' = —0 + 
60. The calculated Bragg-angle still is correct. The 
two spectrometers are arranged symmetrically above 
and below the horizontal plane of the 7-ray beam axis 
(see figs. 1 and 4). The spectrometer axes coincide. 
The angular orientation of each crystal is measured 
with an interferometer with respect to its base. The 
base of the upper interferometer is rigidly connected  
with the base of the lower one, avoiding any mechan-
ical contact with other elements of the spectrometers, 
which might influence the orientation of the two 
bases with respect to each other. The concept of 
having two spectrometers, GAMS 2 and GAMS 3 on 
top of each other provides an excellent means for the 
correction of source movements. In addition it serves 
to increase the efficiency by a factor of N/2. 
4.2.1. Measurement of the diffraction angles 
The GAMS 2/3 spectrometers have been built for 
the measurement of the diffraction spectra of gamma-
ray lines of a width around 1". Therefore the GAMS 
1 type interferometer could not be used directly. 
Hence, a new interferometer was designed, having an 
interference period of only 0.16" (equal to the 
angular step width). A more detailed description of 
this system has been given elsewhere [28]. A highly 
symmetric light beam geometry was chosen for this 
type of interferometer which permits the use of opti-
cal elements of rather small size. The angular range 
was limited to 4.5 0 .  
The principle of the interferometer is shown in fig. 
7. The axis of rotation is located between the two 
totally reflecting isosceles 90 0 prisms. The number of 
interference periods is given by 
4D 
N - N0 -- sin p. 
The distance between the optical centers of the 
prisms or, in case of perfect parallelism of the prisms, 
( 	
diffraction crystal 	I 	' 
---- ------------------ -ii- 
tOtation unit 





Fig. 7. Components and beam geometry of the interferometers used for the measurements of the diffraction angles of the spec-
trometers GAMS 2 and GAMS 3. The laser produces a linearly polarized beam which is slightly widened by a beam expander. 
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the distance between for example the 90"-corners 
(about 20 cm) is denoted "D". The optical center is 
the point around which the prism may be rotated by 
small angles without change of the optical path length 
(see also theory of cube-corner prism [29]).  The 
angle "p" is the angle between the light beams falling 
on the prisms, and a normal on the straight line con-
necting the optical centers of the prisms. When the 
diffraction crystal is adjusted in a way that the zero-
points of p and of the Bragg angle 0 coincide, we ob-
tain a linear relation between the wavelength X.  and 
the step number N 
K(N— N o ) . 
The 'y-ray energies are deduced from the relation E, = 
nC'/(N - N0 ). The calibration constant C' 3286 
MeV is determined through the measurement of 
standard 7-ray lines. It should be noted that the posi-
tion of the axis of rotation does not enter the inter-
ferometric function. Also a deviation of <1 0 of the 
parallelism of the prisms does not influence signifi-
cantly the linearity of the function. The linearity of 
the system can easily be controlled through the mea-
surement of an intense -y-line in the various orders of 
reflection n, which is done automatically during each 
measurement. Here the value N(n) of interferometer 
steps determined for the nth order of reflection of 
the 7-line must satisfy the relation 
N(n)—N 0 =n[N(l)_NO ] 
Two interferometer signals with a phase difference of 
900 are needed for the step counting system. They 
are produced within the interferometer through the 
interference of two beams with different polarization 
in such a way that tilting of the birefringent quartz 
plate yields a linearly polarized beam in front of the 
Wollaston prism at the exit of the interferometer. The 
plane of polarization of this beam rotates during 
changes of the angular orientation of the rotation 
unit. The desired two phase-shifted beams are finally 
produced and separated by the Wollaston prism (see 
fig. 7). 
Precise angular settings of the crystals ('-O.l 
angular steps corresponding with -0.02") are 
achieved by means of stabilization on a position of 
equality of the two analog signals from the photo 
diodes. Otherwise the mechanical and electronic 
instrumentation for the crystal rotation of GAMS 2 
and GAMS 3 is identical to that used for GAMS 1.  
4.2.2. The crystals and crystal bending 
The quartz crystal plates used in GAMS 2 and 
GAMS 3 have the dimensions 110 mm X 100 mm X 
13 mm and they have also been cut so that the dif-
fraction occurs from the 110 plane. They are also 
bent by "imprisonment". Aberration free curvature 
can be achieved by perfect cylindrical bending; but 
within narrow limits also a curvature in the perpendi-
cular direction is tolerable as long as rotational sym-
metry is maintained about the bending axis. For ob-
taining an angular resolution around 1" the deviations 
of the surfaces of the clamping blocks from an ideal 
cylinder must not exceed 0.1 pm. After the steel 
clamping blocks had been machined in such a way 
that a remaining thickness of 3 mm was left in the 
regions of the 60 mm X 60 mm wide windows 
towards the inner block faces, concave and convex 
cylindrical surfaces were produced by grinding these 
faces with a home-built machine [30] to an accuracy 
of about 1 pm. The final surfaces were obtained by 
lapping the blocks against each other in a special 
lapping machine, where both blocks were guided in 
such a way that the axes of the surfaces remained 
parallel with each other, while the blocks were dis-
placed parellel and perpendicular to the axes in a 
noncorrelated manner. The lapping of the blocks was 
regularly interrupted by measurements of their sur -
faces. For this purpose a device was built, with the 
help of which a detailed mapping of the surfaces was 
possible with a precision of 0.05-0.1 pm, allowing 
the determination of the radius of curvature and the 
regularity of the surface by a least squares fit to an 
aberration-free surface. The heights of certain points 
of the surface were determined by the measurement 
of the distance to an optically flat glass plate by 
means of an electromechanical sensor. Systematic 
deviations from the ideal surface have been elimi-
nated manually with emery paper. The polishing of 
the blocks was finished, when the maximum devia-
tions had become less than 0.1 pm. 
The maximum tension of the crystal plates bent in 
the blocks of the 24 in spectrometers is about 80% of 
that of the plate in the 5.8 in spectrometer GAMS 1. 
4.2.3. The detection systems 
As the twin spectrometer GAMS 2/3 was to be 
used for the measurement of (n, 7)-rays with 200 
keV <E <2 MeV much mor stringent requirements 
have to be imposed on its Soller slit collimators than 
on that of GAMS 1 in order to effectively suppress 
the background due to the intense direct beam at 
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very small diffraction angles. The large focal length of 
the spectrometer and the need to maintain high 7-ray 
transmission through the collimator led to the design 
of a rather long collimator consisting of four 1 m long 
elements. The collimator plates are 1 mm thick lead 
plates between spacers which are 2 mm wide at the 
tip of the first collimator element. The collimator 
transmission function has approximately a trapezoi-
dal shape with a narrow plateau at the top and a cut-
off-angle corresponding to 0 = 58". Thus the Soller 
collimator admits direct radiation to the scintillation 
counter for Bragg angles below 58" which would cor-
respond to the reflection in first order (n = 1) of 
7-radiation above 9 MeV. 
The 7-ray detectors are 10 cm thick Na! scintilla-
tors with a diameter of 10 cm. As is obvious from fig. 
4 the diameters of these detectors are larger than the 
cross sections of the reflected beams. In spite of the 
somewhat higher background detected by larger 
scintillators this size was chosen, because of the much 
more favourable geometry for the detection of dif -
fracted (n, y) quanta in the photopeak of the scintil-
lation spectrum. Because of their close approach at 
the minimum diffraction angle they are surrounded 
by a 2 cm thick lead shield in order to reduce "cross 
talk" due to background from Compton events. The 
main shielding of the detectors is a rigid concrete 
housing (see fig. 1) with slits for the passage of the 
diffracted beams to the scintillation counters. Each 
collimator is moved together with its detettor and 
this motion is guided by a laser beam analogous to 
GAMS 1. 
5. Electronic control and data acquisition 
In view of the necessity to accurately determine 
the angular orientations of the diffraction crystals, to 
operate the source control system at GAMS 1, to 
ensure the proper orientation of the Soller slit colli-
mator and the detector and in order to handle the 
great amount of data, each of the spectrometers, the 
GAMS 1 instrument and the GAMS 2/3 spectrometer 
system has been equipped with a PDP 11-computer. 
5.1. The spectrometer control 
The spectrometers GAMS 1 and GAMS 2/3 can be 
operated manually, in order to determine counting 
rates at special angular positions, and automatically 
when complete spectra are to be recorded. The angu- 
lar range, the acquisition time for one point of the 
spectrum and the angular step width (multiples of the 
interferometer step width) are input parameters for 
the programme, which controls the automatic data 
acquisition. For each angular position, the energy of 
the diffracted radiation is calculated and the pulse 
height analysing components are set via a CAMAC-
system, in order to select detector signals, which cor-
respond to the expected photo peak energies. Auto-
matic calibration of the pulse height analysing system 
is made at the beginning of a measurement. The pulse 
height of the calibration line, which is either pro-
duced by the (n, 7)  source or by an external source, is 
determined with the help of a three channel analyser. 
The thresholds are varied until the windows are 
centered on the calibration line. During the measure-
ment the analyzing system can be stabilized auto-
matically on the photo peaks of 2nd order diffracted 
lines. 
In addition the GAMS 1 computer operates the 
source control crystal system. For this purpose the 
up- and down movement of the weights of the torque 
producing balance and the displacement of the sliding 
weight according to the counting rates on the two 
sides of the reference line reflection are determined 
by the programme for automatic data acquisition. 
5.2. Data acquisition 
In a typical measurement of an (n, 7) spectrum 
with the curved crystal spectrometers GAMS 1, 
GAMS 2 and GAMS 3 the first five orders of reflec-
tion are recorded simultaneously in both spectrom-
eter systems GAMS 1 and GAMS 2/3: Details have-
been given elsewhere [31-33]. In fig. 8 are drawn 
schematically the electronic components and their 
interconnections for the control of and the data 
acquisition of GAMS 1. The five spectra correspond-
ing to diffraction in the orders n = 1 ... 5 are distin-
guished from each other by pulse-height analysis of 
the signals from the main scintillation counter. After 
amplification the photo-peaks are selected by means 
of 5 single channel discriminators, the windows of 
which are computer controlled according to the 
energy which corresponds to the actual spectrometer 
angle. In fact the computer also controls the gain of 
the amplifier in order to operate the discriminators in 
the range of 1-10 V. For the control system which 
continuously records the diffraction of only one 
-y-line, a single discriminator is sufficient. Its window 
is set before the start of each measuring period. 













Fig. 8. Block diagram of the control and data acquisition sys-
tem for GAMS 1. 
The data acquisition system for GAMS 2/3 is 
similar to the one depicted in fig. 8 except that the 
control system branch is replaced by a complete spec-
trometer branch. 
5.3. Data analysis 
The data are evaluated following the steps shown 
in fig. 9. 
I) The measured spectral data stored on the disks 
of the spectrometer computers PDP 11 are trans- 
data files on disk of PDPII 
data files on disk of PDP10 
ii 1
plots of spectra 
peak search 
fit of v-and X-ray lines 
(abscissa interferometer step nrs.( 
m 	fit of interferometer 
functions 
determination of energies and 
efficiency corrected intensities 
for all reflections orders 
Iv 
averaging of energies and intensities 
derived from different reflection orders 
for each v-ray transition 
correction of the intensities for 
absorption in the source 
Fig. 9. Flow diagram showing the sequence of steps taken in 
the data analysis. 
ferred to a disk of the central PDP 10 computer of 
the Institute Laue—L.angevin. There handling and 
complete reduction of the data is achieved with the 
use of several Fortran programs. 
The integral 7-spectrum and the first 5 orders of 
reflection are plotted simultaneously on the same 
graph as function of the interferometer step number. 
Fig. 10 shows a section of one of these plots. 
At the same time an automatic peak search routine 
based on the smoothed first derivative method (based 
on the SAMPO code [341) yields approximate peak 
positions. The detailed line shapes are determined 
from strong and isolated -y-tines in order to take into 
account slight asymmetries which might be caused by 
a geometrical asymmetry of the source. The analytic 
function chosen to reproduce the experimental y-line 
shape can be a pure Gaussian or, if necessary, more 
complex: the sum of two Gaussians with or without 
exponential tails on both sides. X-ray lines are ana-
lyzed using special functions resulting from the fold-
ing of a Lorentzian with the instrumental response 
function, the latter being extracted from the y-line 
shapes. 
Then a complete analysis of the 7-spectrum is per-
formed with the best set of line shape parameters. 
Final peak positions and areas are calculated in an 
iterative least squares fit to the experimental data 
points. 
A set of the strongest 7-lines, typically about 20 
transitions measured in a total of about 80 reflections 
is then used to compute the exact values of the 
parameters of the interferometric function which has 
been described above (sects. 4.1.2 and 4.2.1) and 
which is the basis for the determination of the 7-ray 
energies. 
Finnally energies and intensities of all experi-
mentally observed 7-  and X-ray lines are calculated 
and averaged whenever a line has been observed in 
several reflection orders. The knowledge of only one 
reference energy is needed for the calibration. Simul-
taneously the intensities are corrected for 7-ray 
absorption in the source and in the quartz crystal, for 
integrated reflecting power and for detector effi-
ciency. 
6. Results 
Various test runs carried out at the diffraction 
spectrometers at the High Flux Reactor in Grenoble 
have shown that the performance of these instru- 
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Fig. 10. Routine computer plot of part of the 76 Se(n, 	) spectrum measured with GAMS 2. The spectra reflected in the orders n = 1-5 and the integral spectrum are recorded 
in one and the same run. The approximate energies in keV which appear above the lines, are determined in a combined line search and plot program. The lines marked by "C" 
are due to Compton events associated with strong lines in higher order reflections. 
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Table 1 
Data characteristic for the curved crystal spectrometers 
GAMS 1 	 GAMS 2/3 
Typical energy range (keV) 30-400 200-1500 
Radius of curvature (m) 5.8 24 
Angular range (deg.) —0.5 to 12 a) —0.1 to 4.5 
Diffraction crystal and lattice plane quartz, 110 quartz, 110 
Reflection orders (recorded in parallel) n = 1-5 n = 1-5 
Product energy x Bragg angle (keV) -2.52 X n 2.52 X n 
Geometrical low-energy limit (keV) 12 X n 32 X n 
Crystal thickness (mm) 4 13 
Crystal window 38 mmQ 60 mm X 60 mm 
Angular step interval (") - -0.46 0.16 
a) The spectrometer GAMS 1 can be moved on rails towards the reactor in order to fulfill the focusing condition at large angles of 
reflection. 
ments is in fact superior to what could have been 
expected. The essential data characterizing the spec-
trometers are summarized in table 1. Other basic data 
are the resolution, energy accuracy, detection effie-
ciency, background and sensitivity. These require a 
description in greater detail. 
6.1. Resolution and energy accuracy 
The minimum diffraction line width achievable 
with GAMS 1 is 1.2" in the higher energy region. 
This width increases with decreasing 7-energy because 
of the increase of the width of the diffraction pat-
tern. The resolution (fwhm) obtainable in the fifth 
order of reflection of 'y-radiation from a narrow 
source is given by the lower right edge of the shaded 
area drawn in fig. 11. This is the best resolution 
which can be achieved for intense 7-lines. During 
routine measurements the source width is optimized 
for the study with GAMS I and GAMS 2/3 and it is 
usually around 0.07 mm corresponding with A O 3" 
at GAMS 1. Then the fwhm for a strong line detected 
in the fifth order reflection is given by the line in the 
center of the shaded region. This resolution is illus-
trated in fig. 12, which shows a section of a typical 
spectrum, measured with GAMS I. For weak transi-
tions which can be measured with the highest sensitiv -
ity in the second order of diffraction the resolution 
which is usually attained, is given by the upper left 
edge of the shaded region. 
The energy precision which results from the mea-
surement of an intense 7-ray reflection of fifth order 
is drawn as a dashed line in fig. 11. For the same 
7-ray measured in the reflection of order n the error  
increases by 51n. For weak transitions the energy 
errors are larger and are governed by the statistical 
uncertainty of the determination of the line cen-
troids. An angular accuracy of 0.033" for GAMS 1 
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Fig. 11. Resolution and energy errors attainable during mea-
surements with GAMS 1. The reflection width of —1.2" is 
only achieved if the best -50% of the crystal window are 
used. In standard measurements an energy region of 60-600 
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Fig. 12. Small sections Of the low-energy 167 Er(n, ') spect-
trum measured with GAMS 1. The lower and upper parts of 
the figure show the same energy region which has been mea-
sured in 3rd and 5th order of reflection at different diffrac-
tion angles, of course. The 3rd order spectrum clearly shows 
that complex structures occur even at —150 keY and at a 
resolution of —40 eV. 
test which included the use of the source control sys-
tem. 
At GAMS 2 the minimum diffraction line width 
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Fig. 14. Resolution and energy errors attainable with GAMS 
2. For GAMS 3 the minimum line width is 1.3" because the 
focal length of its curved crystal differs slightly from that of 
GAMS 2. Therefore the fwhm is larger by a factor of '-1.4 
for routine measurements with a 0.07 mm wide source. The 
energy error for GAMS 3 is the same as at GAMS 2. 
spectrometer is thus correspondingly better (see fig. 
14). In routine measurements we obtain A O 1.0". 
As in fig. 11 the upper left edge .of the shaded area in 
fig. 14 shows the resolution of GAMS 2 with the 
• 	10 s/point 
2nd order 
• 	• 	 40 s/point \  
/ • 5th order 
••-1.•• 
diffraction angle 
Fig. 13. Reflections of the 411 keV 7-line from the decay of 1 98 Au recorded in different orders with GAMS 2. The source was 
extremely thin (800 .Lg/cm 2 Au on an Al backing). The aperture of the crystal window was 3 cm wide. 
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Fig. 15. Section of a 167 Er(n, y) spectrum measured with GAMS 2 in the 5th order of reflection. A relatively heavy source of 109 
Mg of 167 Er2 03 was used. One inset shows a Ge(Li)-detector spectrum of the same energy region. The improvement in resolu-




usual 0.07 mm wide sources (M 1.0") for second 
order diffraction of weak -y-lines. The resolving power 
\FWHw550eV(0.88arc sec) 
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Fig. 16. Section of a 167 Er(n,y) spectrum, measured with 
GAMS 2 in the 5th order of reflection, with a source of 30 
Mg. 
of the 24 m spectrometers is illustrated by figs. 15 
and 16, which show sections of the 167Er(n, 'y)-spec-
trum. In fig. 15 a standard resolution measurement, 
performed with GAMS 2, is compared with the corre-
sponding section of a Ge(Li)-detector spectrum ard 
with a GAMS 2 measurement, in which a relatively 
thin (n, 7)-source was used. In spite of the E.-depen-
dence of the line width AE., the resolution of GAMS 
2 is usually superior to the resolution of a solid state 
detector even for 7-ray energies somewhat above 1 
MeV. This is illustrated in fig. 16. A comparison of 
fig. 11 and fig. 14 reveals that the resolution at 
GAMS 2 is a factor of 3 better than at GAMS 1 for 
—'0.07 mm wide sources. The energy errors of the lines 
measured at GAMS 2/3 are given on the right ordi-
nate of fig. 14. 
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to the recoil corrected energies of -y-lines measured 
with the curved crystal spectrometers at Grenoble has 
independently demonstrated the correctness of the 
angular scales of the spectrometers and of the esti-
mated energy errors. 
6.2. Detection efficiency,  background and sensitivity 
The detection efficiency is given by the product of 
the solid angle of the curved crystal seen from the 
source, the integrated reflecting power of the crystal, 
the various factors [35] allowing for absorption of 
the photons within the source, the windows of the 
channel and crystal chamber, the crystals and detec-
tor window, the collimator transmission and the 
detection efficiency in the scintillation counter. 
Although peak detection efficiency is of final inter-
est, its dependence on the geometrical source width 
[36] renders difficult its precise determination. The 
detection efficiency integrated over the total dif-
fracted line is well defined and is independent of the 
source width. Its energy dependence is shown in fig. 
17 for GAMS 1 and the first five orders of reflection. 
For GAMS 2/3 the maximum of the detection effi-
ciency is shifted towards higher energies because of 
the larger thickness of the crystals which on one hand 
increases their reflection power at higher photon 
I 	I 	111111 	I 	I 	III 	III 
I 	I 	liii! 	 It 
100 1000 
E/keV 
Fig. 17. Relative integral detection efficiency of GAMS 1. 
Absorption of photons within the source has not been 
included. 
energies and which on the other hand is associated 
with stronger absorption of photons with lower ener -
gies. At about 300 keV the 'y-ray transmission 
through the 13 mm thick crystals is -'0.70 for 0 
°Bragg The peak reflecting power in second order 
reflection of the 411 keV line from a 0.1 mm wide 
source amounts to 30% of the beam incident on 
GAMS 2 or GAMS 3. 
The contributions of the various components to 
the total background can be estimated with the help 
of fig. 18, which shows the background of 2nd reflec-
tion order spectra of GAMS 1. Photons, coming from 
the reactor hall or from the shielding of the detector 
are negligible (curve no. 4). When the source holder 
tube is in the irradiation position (curve no. 3), a 
cerain background component is produced, probably 
due to an increase of photon scattering on the edges 
of the beam hole diaphragms. 
However, the background increases by a factor 4, 
if a source of typical weight and neutron capture 
cross section is inserted (curve no. 2). One must con-
clude, that the design and the realisation of the beam 
hole collimators have been correct, as the source 
holder tube and the reactor beam tube do not con-
tribute significantly to the background, although the 
masses of these components are at least by four 
orders of magnitude larger than the mass of the 
(n, y)-source and that part of the holder, which is 
viewed by the spectrometers. Fig. 18 shows that 
further reduction of the background would require 
shielding of the (n, y) source against the 'y flux from 
the reactor core and a Be liner instead of the Al tube. 
Curve no. 1 shows the background for a source of 
quite large neutron capture rate.-From a -comparison 
of the curves 1 and 2 it follows, that for neutron 
capture cross sections belows 100 b, the main com-
ponent to the background is the radiation, which is 
scattered on the source and its holder. Its intensity 
should be proportional to the number of scattering 
electrons in the source region, which corresponds to 
the mass of the source and its holder. To a good 
approximation the background U can be described by 
U= U0 +aNt a +bM. 
The contribution from the source holder tube, U0 is 
given as curve 3 in fig. 18,N is the number of target 
atoms, a is the n capture cross section and M is the 
total mass of the target and the holder seen by the 
spectrometer. The coefficients a and b depend on E7 
as well as U0 . Thus the background, encountered in 
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Fig. 18. Background radiation at GAMS 1 measured in 
second order of reflection after pulse height selection (win-
dow of single channel discriminator on photopeak). 
Curve 1: 110 mg 16  '7 Er(a  = 670 b) enclosed in 150 mg Al. 
Curve 2: 50 mg ' 98 Pt(a = 3.7 b) in 150 mg Al. 
Curve 3: without (n, 7)-source and Al containment, but with 
source holder tube in usual measuring position. 
Curve 4: source holder tube completely withdrawn. 
AL 	 GAMS2 
01 .. 
0 	 500 	 1000 	E.y/keV 	500 
Fig. 19. Minimum partial cross section (—three standard 
deviations) for (n, 7)-lines that can be detected with GAMS 1 
or GAMS 2 in 1st and 2nd order reflections. The measured 
points have been obtained with the use of a 30 mg KC1 
source and the absolute 35 C1(n, 'y) intensities [37]. 
produced through a point by point image of the 
radiation, which is emitted by the source and its 
holder—in contrast with Nal or Ge(Li)-spectra, where 
intense lines entail a large Compton background. 
Compton events are also produced in the Nal-detec-
tor of the diffraction crystal spectrometer. They 
cause merely parasite lines in the spectra of lower 
reflection order (see fig. 10). Such a parasite line has 
the same shape as the corresponding main line and it 
appears exactly at the same angular position. Its 
intensity is a certain fraction of the intensity of the 
main line. At GAMS 1 e.g. a 500 keV radiation 
reflected in the 5th order, causes parasites in the 
spectra of lower reflection order with intensities 
around 8% of the intensity of the line in the 5th 
order spectrum. 
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Fig. 20. Part of the 167Er(n 7) spectrum recorded with GAMS 1. The figure shows that even very intense reflections yield very 
little disturbance of the neighbouring spectral regions. The numbers in brackets are relative 7-ray intensities. Also the nuclear 
structure assignments of the lines as placed in the level scheme are given. 
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The sensitivity of the curved crystal spectrometers 
has been significantly improved over that of the 
previous systems [6,16] due to the optimization of 
the spectrometers together with the in-pile com-
ponents. This has led to a quite low level of back-
ground radiation. 
The sensitivity limit of the curved crystal spec-
trometers is given in fig. 19. This figure shows that 
the sensitivity is an order of magnitude better than 
that of the Riso spectrometer. A brute force solution 
would have yielded a gain in sensitivity by -'3, the  
square root of the ratio of the neutron fluxes at the 
source positions at Grenoble and Ris. Fig. 20 
demonstrates the very large dynamic range of the dif-
fractometers. 
6.3. Spectroscopic studies 
The curved crystal spectrometers at the High Flux 
Reactor in Grenoble have been used mainly for the 
measurements of the lower-energy regions of (n, y) 
spectra for nuclear structure studies. In table 2 is 
Table 2 
Measurements of (n, y)-spectra with GAMS 1 and GAMS 2/3 
Final nucleus Principal Cooperation between the institute Max von Laue—Paul Ref. 
investigator Langevin and other laboratories 
41 K T. von Egidy 
44 Ca W. Ratynski Institute of Nucl. Research, Swierk, Poland 
77 Se Y. Tokunaga KFA Jülich, Fed. Rep. of Germany 
80 ' 82Br H.P. Do University of Lyon, France 38 
100 T J.A. Pinston 39 
109Pd R.F. Casten Brookhaven National Laboratory, USA 40 
114,116 1n V.L. Alexeev Leningrad Nuci. Phys. Institute, USSR 
122 " 24Sb V.L. Alexeev Leningrad Nucl. Phys. Institute, USSR 41 
130,13213a  A. and J.R. Gizon Institut des Sciences Nucléaires, Grenoble, France 
137 13a W. Geiletly University of Manchester, UK 
147 ' 149Nd R. Roussille 42,43 
J.A.Pinston 44 
P.T. Prokofjev Physics Institute of the Latvian SSR Academy of 45 
Sciences, Riga, USSR 
iss Sm R.K. Smither Argonne National Laboratory, USA 
153Gd P.H.M. Van Assehe SCK-CEN Mol, Belgium 
155Gd W. Stöffl TU Munchen, Fed. Rep. of Germany 
162Dy W. Gelletly University of Manchester, UK 46 
168Er - 	 W:F.Davidson---- - 	 ----- - 46 
172 ' 174Yb J. Larysz 47 
184 W.F. Davidson Aerojet Nucl. Company, Idaho Falls, USA 
KFA JOIich, Fed. Rep. of Germany 
D.D. Warner 
192,194 Os  R.F. Casten Brookhaven National Laboratory, USA 48,49 
1930s D.D.Warner 50 
195 D.D.Warner - 
R.F. Casten Brookhaven National Laboratory, USA 51,52 
197199 J.S. Dionisio CNRS Orsay, France 
227  R T. von Egidy TU München, Fed. Rep. of Germany 53 
231 D.H. White Oregon College, Monmouth, USA 54 
233  T P. Jeuch 55 
235w J. Almeida 56 
237w G.Barreau 
239U H.G. Börner KFA JUlich, Fed. Rep. of Germany 57 
238Np J. Kern Univers. of Fribourg, Switzerland 
244 Am R. Lougheed Lawrence Livermore Lab., USA 
245Pu H.G. Bdrner 
249 Cm R.W. Hoff Lawrence Livermore Lab., USA 58 
25013k D.H. White Oregon College, Monmouth, USA 
H.R. Koch etal. / GAMS 1, GAMS 2, GAMS 3 
	
421 
given a brief summary of such investigations carried 
out so far. Besides the (n, -y)-studies, various experi-
ments have been performed which were made possi-
ble or which were facilitated because of the advan-
tageous features of these spectrometers: the high 
energy accuracy of the spectrometers has helped [59] 
to improve the accuracy of 7-ray standards, and to 
precisely determine the K X-ray energies of actinide 
elements [60]. Also the X-ray intensities were mea-
sured, and the natural widths of the X-ray lines could 
be determined [60] easily, because of the high resolu-
tion of GAMS 1. In connection with an (n, y) study 
also the electronic configuration of the 4 uranium 
ion has been investigated [61]. The very high dy-
namic range of GAMS 1 has even allowed the detec-
tion of the K, 1 satellite due to a double K vacancy in 
the mercury atom [ 62]. 
7. Summary and conclusions 
The curved crystal spectrometers GAMS I and 
GAMS 2/3 together with a strong source permit very 
high resolution 7-ray spectroscopy characterized by a 
large dynamic range of 7  intensities and by very high 
7-ray energy accuracy. These instruments at the High 
Flux Reactor in Grenoble are thus the most suitable 
spectrometers for detailed low-energy (n, 7)  spectro-
scopy provided that the capture cross section of the 
source material is not too small. The information ob-
tained with these crystal spectrometers combined 
with the conversion electron spectrum measured at 
BILL [12] provides the basis for nuclear structure 
analyses of numerous nuclei in the valley of stability 
and in the actinide region. In the latter fission makes 
in beam y.ray work following charged particle reac-
tions quite difficult. Of course, additional measure-
ments such as measurements of primary 7-rays from 
thermal and resonance neutron capture and coinci-
dence and angular correlation measurements are 
necessary for comprehensive studies. 
The spectrometer system GAMS 2/3 allows rou-
tine measurements with diffraction widths of only 1" 
which on the average is an improvement by a factor 
of 3 over what has been achieved routinely with the 
automatized RisO spectrometer. This was achieved 
mainly because of the larger focal length. We have so 
far not made attempts to bend an even thicker crystal 
to a radius of curvature of 50 in or more with the 
hope to achieve diffraction widths of 0.4" or less and 
a further increase in resolution (if the quartz crystals  
are sufficiently perfect). For measurements of (n, 7) 
lines above about 700 keV such an improvement in 
resolving power would certainly be a major break 
through towards a higher quality of data. 
An alternative is the use of a double flat crystal 
spectrometer which could yield [63] about a factor 
of 10 in resolving power, but which, on the other 
hand, has the disadvantage of very low luminosity so 
that large sources are probably required for detailed 
spectroscopy. 
Recent progress [63] with double flat crystal spec-
trometers suggests, however, that it would certainly 
be worth trying to measure an (n, 7) spectrum with 
such a spectrometer at the High Flux Reactor in 
Grenoble. This experiment is in progress [64]. 
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Ageron for excellent co-operation during the con-
strunction phase of the reactor. The help which Dr. 
B.P.K. Maier, Dr. P. Göttel, Dr. Do Huu Phuoc and 
Dr. P. Van Assche have given during the installation 
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109Pd: Difficulties in particle-rotor models for unique-parity states and revision of spectroscopic 
factors 
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Primary and secondary y rays following thermal and p-wave resonant (2.96 eV) neutron capture on 
were measured to study 7-ray transitions in ' 09Pd. Average resonance capture spectra at 2 and 24 keV 
were also recorded and the ' °'Pd(n ,yce) reaction was studied and transition multipolarities were deduced. A 
detailed level scheme up to 1400 keY has been constructed. Numerous spin assignments have been 
revised, leading to substantial changes in the (d,p) and (d,t) spectroscopic factors, in particular for the g'712 
orbit. The data on primary transition intensities for the 2.96 eV resonance are compared with the valence 
neutron capture model. The level scheme deduced for ' 09Pd sheds new light on the previously proposed 9712- 
h11/2 anomaly in the filling of these orbits, suggesting that, at least in ' 09Pd, the appearance of the anomaly 
was largely due to spin misassignments. The revised systematics in the occupation of shell model orbits for 
a number of nuclei in this mass region is reviewed. Within the level scheme is a group of low-spin negative-
parity levels which belong to the same family as the high-spin, decoupled, unique-parity states known in 
other odd mass Pd isotopes. These states correspond to the favored and unfavored anti-aligned levels for 
core rotations R < 6. Calculations in the framework of the particle-rotor model cannot reproduce these level 
energies. 
NUCLEAR REACTIONS '°tPd (n, -y), E=thermal, 2.96 eV, 2 key, 24 key; 
measured E, I,, I,. (0); 108 1?d (n,yce) 1091?d deduced J, r of 2.96 eV resonance, 
levels, transitions, multipolarities, J, ir. Ge(Li) detectors, three crystal 
spectrometer, curved crystal spectrometers, conversion electron spectro- 
meter, enriched targets. 
NUCLEAR STRUCTURE ' °t pcl revised (d,p), (d,t) spectroscopic factors, neg-
ative-parity anti-aligned favored and unfavored levels, particle-rotor model. 
1. INTRODUCTION 
An anomaly" in the filling of certain neutron 
orbits in the mass region A = 100-120 has per-
sisted for a number of years. On the basis of 
summed (d,p) spectroscopic factors, the .g712 - 
orbit for A - 100,  Z 46 nuclei appeared to be 
nearly empty and the presumably higher lying 
h 1112 orbit appeared to be nearly full. This g7 1 2 -
h 1112 anomaly is in contrast to the more predict-
able behavior of the isotonic and heavier Sn nu-
clei. Table I summarizes the anomaly in terms 
of the values for ZS(d,p) quoted in Ref. 3. Al-
though the anomaly has been discussed' .3  both in 
terms of a breakdown in the basic assumptions of 
distorted-wave Born approximation (DWBA) strip- 
ping theory and of the existence of deformed states 
in these isotopes, it has never satisfactorily been 
explained and remains an impediment to a proper 
understanding of this mass region. 
The Pd nuclei play a crucial role in assessing 
the validity of this 9712 -h,, 12 anomaly. The origi-
nal (d,p) experiments 1,3  were performed at 12 
MeV on Pd, Cd, In, and Sri nuclei. At 17 MeV, 
however, the anomaly essentially disappears 3 for 
Cd and persists only in the odd-odd nucleus 1161i 
and in 107"6Pd. Furthermore, in the latter nu-
clei, the angular distributions for some of the 
states assigned as 	do not display consistent 
1=4 character. 
The odd mass Pd isotopes are also of consider-
able interest because of the existence of a group 
of negative parity states based on the unique-
parity h1112 orbit. A set of high-spin negative-
parity levels, described as the favored, aligned 
yrast levels forming a decoupled band  arising 
from the coupling of the h,, 1 , orbit to a slightly 
deformed prolate core, has been identified" in 
the lighter odd mass Pd isotopes. Three high-
spin unfavored levels were also disclosed. 	A 
21 	65 
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TABLE I. The gy / 2-hjj/3 anomaly. 
Summed (d,p) spectroscopic factorsa 
107Pd 	109 Pd 	113Sn 	115Sn 	115Sn 
9,,2 	0.86 	0.76 	0.31 	0.16 	0.16 
h 1112 0.29 0.28 0.88 0.83 0.70 
Quoted in Ref. 3. N* ote that larger values of ESd,p) 
imply emptier orbits. 
prediction of both the decoupled band model and of 
the weak coupling picture is that not only high-
spin, but low-spin negative-parity levels should 
occur. These should be the favored or unfavored, 
anti-aligned couplings of the schematic form h,, 12 
Only a handful" of such anti-aligned 
states has yet been identified, and never the com-
plete set-------------- 
The (n, y) reaction provides, by virtue of its in-
herent nonselectivity, an appropriate spectroscop-
ic tool for locating these low-spin unique-parity 
levels and for independently assigning spin values 
to the positive-parity levels in order to shed light 
on the apparent g712 -h,, 1 , anomaly. We have, 
therefor, parried out a variety of (n, y) experi-
ments, wit 4i both thermal and epithermal neu-
trons, and have measured both primary and 
secondary y  rays in °9Pd. Some of the results, 
namel he (n, y)- (d,p) orielations and the 
assignment for the 2.96 eV resonance, were brief-
ly reported pariier, 13 and the implications of the 
level scheme study for the g712 -h1112 anomaly and 
the negative-parity states have been summarized. 14 
Prior to the inpeption of the work, only the iso-
meric (189 keV) transition in 109Pd was known. ' 
During the course of these studies, an unpublished 
work by Franz' 6 has become available and, re-
cently, two other P-decay studies' 7 have been re-
ported. Most of the present y-ray placements 
agree with those of these studies, although in 
some cases the higher energy precision of the 
present work rules out proppsed placements of 
Refs. 16 and 17. Our level scheme contains, in 
açldition, many more transitions as well as transi-
tion multipolarities and additional information on 
level spins from the primary transition angular 
distributions. The principal results stem from 
the revision of a number of spin-parity assign-
ments, which, in Refs. 16 and 17, were simply 
adopted from the previous' , ' charged particle 
data. 
Section II describes the experimental procedures 
and tabulates the results including the new spec-
troscopic factors resulting from the revised spin 
assignments. A brief discussion of the valence 
neutron capture model is also included. Section 
UI tin discusses the implication of the level 
scheme fqr te filling of shell model orbits in the 
regipn and Phe consequences of the observed low-
lying unique-parity levels for rotation-aligned 
models. 
11. EXPERIMENT 
A. Experimental techniques and results 
Several independent (n,)/) experiments on 
were performed at the Institute Laue langevin 
(ILL) and at Brookhaven National Laboratory 
(BNL). 
1. Experiments at BNL for (her, a! and 2.96 eV 
neutron energies 
These experiments were carried out in external 
neutron beams provided by the Brookhaven Nation-
al Laboratory High Flux Beam Reactor (IFBR). 
In all of these, the yrays wer-e detected with 
Ge(Li) detectors of various sizes. Typical resolu-
tions were 7 key at E7 = 6 MeV. The Ge(Li) de-
tector calibrations were obtained with standard 
sources and a precision pulser, and by use of 
known contaminant lines from Al and Fe for the 
higher energy transitions. The experiments con-
sisted of the following: 
(a) Detection of both high energy (primary) and 
low energy (secondary) y rays following thermal 
neutron capture and capture in the 2. 96eV p -wave 
resonance. 
b) For the p-wave resonance, the anisotropy of 
the more intense primary transitions was mea-
sured at 90° and 135° to the beam direction. 
(c) An off-resonance measurement of 20 eV 
was performed to detect contaminant and back-
ground y rays. 
The thermal neutron beam was provided by a 
quartz filter which eliminated pile y rays and fast 
neutrons. The thermal flux on target was ap-
proximately 7 x 107 (n/cm2)/sec. The HFBR neutron 
monochromator facility"' provided the resonance 
energy neutrons via Bragg diffraction from a large 
Be crystal. The target consisted of 5. 52 grams 
TABLE II. Anisotropy of y rays from a P3/2  resonance 
for zero target spin. (See Ref. 19.) 
Transition 	 W(0) 
j (2+3 s in29) 	1.43 
 67r 	. 
_(7_3 s in29) 	0.73 2 	2
2 -2 	 80ir 
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FIG. 1. Portion of a spectrum of high energy capture y rays from the 108  Pd(n,y) 109Pd reaction on the 2.96 eV re-
sonance in the compact geometry. A few of the peaks are labeled according to energy. The letters S and D following 
a photopeak energy denote single and double escape peaks, respectively. 
enriched to 98. 11 0/0 in '°8 Pd and formed into a 
rectangle approximately 2.54 cmx2.86 cm. The 
target was normally mounted at -45° to the beam 
direction but this was changed to -30° for the an-
gular distribution measurements in order to re-
duce differences in y-ray self-absorption for the 
different detector angles. 
To determine the neutron separation energy for 
109Pd, only accurately measured primary transi-
tions to well-defined levels were used. From the 
thermal neutron data a separation energy of 
6153.7±0.5 keV was deduced from 10 primary 
transitions, and a value of 6154.1±0.4 keV was 
obtained from 15 resonance primary transitions. 
Combining the two results gives a neutron separa-
tion energy of 6154.0 ±0.3 keV, in agreement with 
the value 6151± 8 keY tabulated in Ref. 19. 
In these experiments, all but the weakest pri-
mary y rays are almost certainly dipole in char-
acter. Thus, in thermal capture ( capture 
state), these transitions directly populate J=, 12 
final states. In a .21- resonance, as the 2.96 eV 
resonance was determined to be, J_ —, 12 , states 
are populated by anisotropic dipole primary tran-
sitions whose intensity ratio I(90°)/I(135 0 ) is spin 
dependent; Table II lists the ratios for each final 
state spin. The ratio for a J= state is inter-
mediate between those for J= and states, 
4794.0 
















11 	ii OD 
•'••••.•••••  •• ji 
C 
0 	 200 400 600 800 
RELATIVE CHANNEL NUMBER 
FIG. 2. Portion of a spectrum of high energy thermal capture y rays from the 108Pd(n,y) 109Pd reaction. The nota-
tion on selected peaks follows the convention given in the caption to Fig. 1. 
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FIG. 3. Portion of a spectrum of low energy y rays following neutron capture on 108Pd in the 2.96 eV resonance. 
A few reference 7-ray energies are given above their respective peaks. 
which themselves differ by a factor of almost 2. 	servation of a strong primary--transition to such a 
In most cases where experimental uncertainties - 	level -in thermal capture would exclude this as- 
in the ratios are relativelylarge,-theJ= -52  assign- signment. 
ment-will- reitiáiñ a possibility. However, the ob- 	Figures 1 and 2 show spectra of primary transi- 
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FIG. 4. Portions of spectra recorded on the 2.96 eV resonance in the angular distribution geometry at angles of 90° 
and 135° to the incident beam direction. Typical energy labels are affixed to some peaks according to the notation des-
cribed in the caption to Fig. 1. A 
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tions for the 2.96 eV resonance and for thermal 
energy, respectively, while Fig. 3 shows a por-
tion of the low energy y-ray spectrum following 
resonance capture. Figure 4 is an example of 
part of the primary spectrum recorded in the an-
gular distribution geometry. 
To determine the absolute intensities of primary 
y rays, measurements of known decay y rays were 
performed after the neutron irradiations. For the 
109Pd case, we considered the 309.1, 311.4, and 
647.3 keV decay y rays (r112 = 13.46 h), whose in-
tensities are 4.9, 31.9, and 24.4 gamma rays/ 
10 ' 09 1?d decays . 2 ' For thermal capture, the ab-
solute intensity of the strongest primary y ray in 
TABLE Ill. Primary y-ray transitions for the 108Pd(n ,y) 109Pd reaction at E= 2.96 eV 
1, 
Photons/1000 
neutron 	 1(900)d 
E,, (key) a 	Eex (key) b 	 captures I(135°) 	 ,je 
6154(4) g.s. 0.6(2) 
6040.5 113.4 33.6 1.42±0.06 
5862.7 291.2 7.5(8) 0.73±0.07 
5827.2 326.7 6.5(7) 0.81 ±0.20 
-0.08 
5815.0 338.9 2.1(2) 
5720.3 433.6 4.7(5) 0.80 ±0.15 2 (5) 
5662.3 491.6 4.4(5) 
5612.6 541.3 1.7(4) 
5530(3) 624(2) 12.8(13) 0.87 ±0.09 
5508.0 645.9 1.0(4) 
5480.6 673.3 4.7(6) 
5362.6 791.3 13.1(13) 1.04±0.07 
5307(4) 847(3) 1.3(6) 
5242.7 911.2 28.2(23) 1.08±0.04 32 
5209.1 944.9 16.1(16) 0.77 ±0.06 32 
5199.7 954.3 17.8(18) 1.19±0.08 
5172.2 981.8 29.5(28) 1.09±0.06 
5100.0 1054.0 9.1(13) 0.99±0.20 
5063.0 1091.0 15.7(13) 1.00 ±0.05. 
_n (Q 
	
4884.2 	 1269.8 	 5.1(6) 
4825.6 1328.4 4.4(5) 	 0430259 	()5 
4795.5 	 1358.5 	 4.4(13) 
4782.9 1371.1 7.2(6) 	 1.03 ±0.15 
4754.8 	 1399.1 	 0.6(2) 
4676.4 1477.6 5.1(5) 
4613.7 	 1540.3 	 12.1(10) 	 0.82±0.07 	22 
4530.1 1623.9 9.1(10) 
4506.2 	 1647.8 	 6.3(10) 
a The -y-ray energy uncertainty is ±1.5 keV unless otherwise specified. The larger uncer-
tainties (given in parentheses on the last digit) result from the overlapping of full energy 
peaks of some transitions with escape peaks of others. 
b Level energy uncertainties are ±0.5 key unless otherwise specified. The excitation energy 
scale assumes an energy of 113.4 key for the state populated by the 6040.5 keV primary 
transition. 
C  Absolute intensities at 90° in the compact geometry. Uncertainties in parentheses on the 
last digits are relative only. In addition, the absolute intensity scale (i.e., intensity of the 
6040.5 keVy ray) is accurate to ±24%. 
d The quantity R gives the fully corrected ratio of primary intensities obtained from the runs 
at 90° and 135° with the Ge(Li) counter more distant from the target. 
e The J values are those spin assignments that can be made from the angular distribution 
results alone. See text for discussion and Table VIII for best j values from all the data. 
There is a doublet at 325-326 keV. The measured primary energy suggests that the 326 
keV level is populated on resonance but the impossibility of ruling out some contribution from 
the other level precludes making a reliable distinction of spins from the data in this table. 
Ir This spin suggestion is tentative due to the large statistical uncertainties of the peaks 
involved. 
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109 1'd (E , = 4794.0 keV) was determined to be 68. 3 
±7.8 photons/1000 neutron captures, which is in 
disagreement with a value of 30. 0 photons/1000 
neutron captures derived from measurements of 
Rasmussen et al . 2 ' based on thermal capture cross 
sections of 6. 1 ± 0.4 and 8. 3 ± 0. 6 b, 22 respective - 
ly, for Pd and 108Pd. 
To verify several weak E2 primary transitions 
following thermal capture, a separate study of 
primary transitions employing a three crystal 
pair spectrometer 23  was performedonaBi filtered 
beam line. For this experiment a target of 7.7 g 
enriched to 98. 11% in 108 Pd was used. The ex-
perimental facility has been described elsewhere. 23 
Table Ill summarizes the primary v-ray data for 
the 2.96 eV resonance. It includes all primary 
transitions observed, their absolute intensities, 
the intensity ratio at 90° and 135° for the stronger 
- transitions, and the level spins deduced from the 
angular anisotropy measurement alone. Table TV 
presents the energies and absolute intensities of 
primary transitions for thermal capture. Table V 
presents the data for secondary transitions up to 
1019.9 keV following both thermal and resonance 
capture. The resonance intensities result from 
the Ge(Li) measurements alone while secondary 
v-ray energies and thermal capture intensities 
result from a combination of Ge(Li) detector mea-
surements at BNL and the curved crystal spectro-
meter data from ILL discussed in the next section. 
Average resonance capture experiments were also 
performed at BNL but are more suitably discussed 
later. 
2. Experiments performed at the ILL 
The study of low energy y rays in imPd  with ex-
tremely high energy precision (typically 2-25 eV) 
and resolution was performed with GAMS 1 and 
GAMS 2/3 curved crystal spectrometers which have 
been described elsewhere. 24  The target was an 
in-pile laminar sample of -70 mg of enriched ""Pd 
situated in a flux of 5.5 x 10' (n/cm 2 )/sec. The low 
energy 1' rays emitted following neutron capture 
pass out of the reactor along a transverse beam 
tube and are diffracted by the curved crystals of 
GAMS 1 and GAMS2/3 which are located atopposite 
ends of a through tube. The thinner GAMS 1 crys-
tal is suitable for the study of y  rays up to -500 
keV while GAMS 2/3 may be best used in the energy 
range 200-1200 keV. 
Corresponding portions of a GAMS 2 and a Ge(Li) 
spectrum are contrasted in Fig. 5. (Note that 
the energy dispersion and resolution in third 
through fifth order reflections in GAMS are better 
than those shown but the reflectivities are lower.) 
The GAMS data were energy calibrated internally 
TABLE IV. Primary y-ray transitions for the 
1081?d(n ,'y) 109Pd reaction ai thermal energy, 
Iv 
Photons/1000 
E7 (key) 	E0  (key) 	neutron captures 
6152.9 g.s. 1.1(2) 
5887.5 266.3 7.5(14) 
5828.6 325.2 19.1(20) 
5720,3 433.5 21.2(20) 
5661.9 491,5 1.8(13) 
5612.9 540.5 0.9(4) 
5480.3 673,5 12.9(14) 
5431.7 722.1 11.7(14) 
5211.8 942.0 27.4(28) 
5171.6 981.8 3.0(12) 
5099.7 1054.1 7.5(6) 
5041.6 1111.8 2.5(11) 
5018.9 1134.9 5.8(6) 
5006.1 1147.7 6.4(6) 
4920.3 1233:5 17.8(20) 
4909.5 1243.9 4.3(15) 
4885.3(11) 1268.1(10) 
4794.0 1359.8 68.3 
4775.7 1378.1 11.7(42) 
4755.4 1398.4 15.7(41) 
4674.1 1479.7 6.6(15) 
4668.5 1484.9 
4616.5 1537.3 5.1(25) 
4552.1 1601.7 6.0(15) 
4538.0 1615.8 6.5(19) 
4509.2 1644.6 10.9(41) 
4469.9 1683.5 4.2(17) 
4443.7 1710.2 7.5(28) 
a All uncertainties are denoted in parentheses and 
are on the last digit of the corresponding entry. 	For 
-y-ray energies, the uncertainties are ±0.8 keV unless 
otherwise specified. 	The excitation energy scale is ob- 
tained by taking 673.5 keV as the energy of the state fed 
by the 5480.3 keV primary transition. Excitation ener- 
gies are accurate to ±0.5 key unless specified. 	The un- 
certainties on intensities are relative only; the absolute 
intensity scale (defined by the intensity of the 4794.0 
key y  ray) is accurate to ±12%. 
b Observed only in the thermal measurement with the 
three crystal spectrometer; below sensitivity limit in 
the other thermal measurement. 
by demanding that a line have the same energy in 
all orders of reflection in which it is observed. 
Absolute energy calibration is performed by 
reference to the 88. 034 keV ' °9Ag line. 25 
Since the GAMS target is viewed end on by the 
spectrometers, the self-absorption corrections 
can be large. For this reason the adopted inten-
sities for the low energy v rays were obtained by 
plotting the ratio of Ge(Li) intensities to those 
measured by the GAMS spectrometers, and by 
using the values for strong transitions to define a 
relative effective GAMS efficiency curve (including 
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TABLE V. Low energy secondary gamma rays for the reaction 108Pd(n ,') 10913d. 
jb(8/1000 neutron captures) 
E7 (keV) a 	 Thermal 	 2.96 eV 	 Assignment 
94.450(1) 34.7(35) 15.4(15) 339-245 
98.258(3) 16.5(17) 21.8(22) (287 -189) C 
106.694(3) 1.0(2) 0.8(3) 434-327 
108.280(1) 4.9(6) 2.1(3) (434 
113.401(2) 297(30) 187(19) 113-0 
149.854(3) 1.0(1) 1.8(2) 426-276 
152.942(1) 95.2(95) 41 .9(42) 266-113 
166.306(4) 2.2(4) 1.9(4) 492-325 
170.561(1) 2.4(2) 2.9(6) 
178.034(1) 72.0(72) 61.1(61) 291-113 
187.115(4) 1.0(1) . .. 811-623 
188.990(1) 16.5(17) 19.2(19) 189-0 
189.920(3) 2.8(4) 2.6(4) 623-434 
197.333(8) 0.6(1) 0.6(3) 623-426 
200.153(4) 12.0(12) 9.8(10) 492-291 
202.971(13) 0.3(1) 0.7(2) 
207.697(3) 0.3(1) 0.7(2) 
211.884(3) 33.6(34) 17.7(18) 325-113 
213.806(4) 1.8(3) 1.4(2) 541-327 
215.390(2) 6.7(7) 5.9(6) 541-325 
216.487(9) 0.5(1) 0.3(2) 
222.922(6) 0.6(1) 0.8(3) 945-782 
224.717(7) 0.6(1) ... 1359-1135 
228.194(4) 0.7(1) 1.7(2) 
230.453(2) 2.8(3) 1.4(2) 722-492 
245.080(2) 154(15) 82.7(83) 245-0 
249.238(11) 19.4(19) 17.8(18) 541-291 
263.403(6) 2.0(4) 0.6(4) 
264.378(11) 1.4(4) 0.9(8) 541-276 
264.980(3) 13.4(13) 5.6(6) 604-339 
266.346(3) 27.5(28) 12.9(13) 266-0 
267.610(5) 2.2(4) .. 941-673 
274.328(7) 0.6(1) 0.7(2) 541-266 
276.296(5) 32.6(33) 69.6(70) 276-0 
288.480(5) 2.2(3) 1.3(3) 722-434 
291.430(4) 60.3(60) 49.9(50) 291-0 




299.119(5) 1.9(3) ç 
317.255(6) 1.8(4) 1.1(3) (604-287)° 
320.164(5) 27.8(28) 17.2(17) 434-113 
321.082(15) 0.9(5) 
325.284(4) 122(12) 70.5(71) 325-0 
326.868(4) 48.9(49) 40.5(41) 327-0 
332.050(5) 3.2(6) 3.2(4) 623-291 
333.964(3) 64.1(64) 24.6(25) 673-339 
336. 584(3) 21.0 (21) 6.0(6) 941-604 
337.828(5) 1.2(3) 0.9(5) 
339.528(4) 114(11) 50.0(50) 339-0 




347.192(6) 1.8(3)1 623-276 
355.694(6) 1.5(5) 





365.295(7) 0.6(3) 0.8(2) 791-426 
371.125(10) 2.4(4) 1.4(3) 
377.004(13) 1.8(3) 0.6(3) 811-434 
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TABLE V. (Continued). 
Ib(.y s /l000 neutron captures) 
E (keV)a 	 Thermal 	 2.96 eV 	 Assignment 
378.191(5) 24.3(24) 17.7(18) 492-113 
386.752(40) 1.1(3) 
392.395(25) 0.4(1) 
395.171(17) 2.9(4) 1.8(3) 722-327 
396.758(11) 10.2(10) 5.1(5) 722 - 325 
407.124(10) 1.5(4) 1.6(3) 
414.342(7) 6.0(6) 4.0(4) 
416.738(20) 0.4(1) 1.4(3) 
418.298(7) 1.8(3) 3.5(4) 
421.049(11) 1.5(3) 3.2(3) 
426.135(4) 11.7(12) 27.1 (27) 426-0 
428.396(3) 19.0(19) 7.1(7) 673-245 
433.552(4) 58.9(59) 32.4(32) 434-0 
436.185(11) 0.6(1) 
438.160(12) 1.4(3) 
441.839(9) 2.3(5) 3.2(5) 
452.524(16) 0;8(i) w .-. - - 
455.702(5) 7.7(8) 4.2(4) 722-266 
461.194(7) 13.1(13) 4.0(4) 1135-673 
464.541(9) 1.6(3) 2.5(4) 791-327 
466.511(10) 2.2(5) 
3.2(4) 467.333(12) 1.0(5)) 
485.311(7) 5.1(6) 3.0(4) 811 -325 
491.575(10) 9.6(10) 7.0(7) 492-0 
51 5.128(13) 5.7(8) 7.1(7) 791-276 
520.597(10) 4.3(6) 6.7(7) 954-434 
525.078(16) 1.4(3) 2.6(6) 791-266 
526.411(21) 0.5(1) 1.7(6) 
530.202(10) 2.6(4) 0.9(6) 1135-604 
539.345(31) 0.6(3) 1.7(15) 
540.697(10) 3.1(7) 2.6(14) 541-0 
554.589(44) 0.8(3)1 
4.6(5) 
555.614(13) 1.8(3)5 982-426 
566.672(20) 0.4(3) 





601.575(6) 15.6(18) 3.9(4) 941-339 
604.530(6) 5.5(7) 2.6(4) 604-0 
608.672(9) 1.8(4) 1.7(3) 
612.047(12) 2.1(4) 1.2(3) 
619.939(28) 5.4(9)1 8. 9 9 
(911- 291) d 
620.441(16) 5.2(8)5 
623.468(16) 6.2(10) 5.0(5) 623-0 
628.887 (1 8) 2.7(4) 3.0(4) 954-325 
632.363(18) 1.6(3) 1.1(3) 
634.907(23) 2.9(5) 8.2(8) 
645.963(44) 0.8(3) 1.4(4) 
649.650(29) 0.5(2) ... 941-291 
653.504(36) 0.8(3)) 945-291 
654.892(16) 1.90) 5.5(6) 982-327 
655.501(16) 3.1(5)) 
657.569(29) 4.4(5) 6.4(6) 
660.128(31) 0.6(3) . 
670.089(58) 0.7(4) ...  
673.607(40) 1.0(3) 1.3(3) (673-0) 
674.725(30) 3.0(4) . 941-266 
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TABLE V. (Continued). 
j7b(ys11000 neutron captures) 
E (key) a 	 Thermal 	 2.96 eV 	 Assignment 
678.040(35) 1.6(3)1 	 791-113 
4.1(4) 678.673(41) 1.2(3)5 945-266 
680.968(33) 1.8(3) 	 2.0(3) 
685.909(24) 22.8(23) 3.4(3) 	 1359-673 
690.300(26) 4.4(5) 	 15.3(15) 982-291 
695.949(32) 2.2(3) 0.8(3) 	 941-245 
705.433(47) 0.8(3) 	 2.5(4) 982-276 
711.400(56) 1.3(4) 
713.389(20) 3.8(5) 	 4.1(4) 
722.025(27) 14.0(14) 6.8(7) 	 722-0 
726.740 (24) 5.5(6) 	 5.1(6) 1054-327 
754.908(22) 26.7(27) 3.2(4) 	 1359-604 
772.096(20) 4.4(6) 	 1.3(3) 
787.314(34) 2.3(5) 1.5(3) 	 1054-266 
791.429(31) 3.5(5) 	 4.8(5) 791-0 
793.570 (23) 3.4(5) 1.8(3) 
799.265(51) 5.1(6) 	 4.1(4) 	 (1233-434) d 
810.547(13) 14.5(22) 7.4(7) (811-0)° 
815.228(24) 3.6(8) 	 2.8(3) 
820.242(25) 3.3(7) 1.8(3) 
831.571(15) 11.7(18) 	 18.2(18) 	 945-113 
840.759(27) 4.6(14) 5.7(6) 954-113 
846.328(13) 11.1(28) 	 15.8(16) 
902.981 (38) 3.4(5) 
911.283(24) 4.0(7) 	 14.4(14) 	 911-0 
966.439(24) 7.8(8) 1.9(4) (1233- 266) d 
101 9.868(27) 12.5(13) 	 1.7(3) 	 1359-339 
a All uncertainties are denoted in parentheses and are on the last digit(s) of the correspond- 
ing entry. The observed gamma-ray energies are obtained from the curved-crystal spec- 
trometer experiments. 
b All uncertainties are denoted in parentheses and are on the last digit(s) of the correspond- 
ing entry. 	The intensities are obtained from the Ge(Li) spectrometer experiments for both 
neutron energies with the exception that several thermal intensities, in particular for very 
weak or multiplet lines, are obtained by scaling the curved-crystal spectrometer data to the 
Ge(Li) spectrometer data. There is an absolute intensity scale uncertainty of 15% for the 
thermal data and 25% for the 2.96 eV data. 
C  Placement is tentative since the 287 keV level is not definitely known to exist. 
d Placement is tentative. Ratio of thermal to resonance y-ray intensities is in poor agree- 
ment with the average ratio for other y rays depopulating this state. 
0  Placement is tentative. Energy combination is worse than 3uE compared to the average 
energy combination of other 'y rays depopulating this state. 
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automatically the self-absorption correction) and 
by using this curve to normalize all GAMS intensi-
ties to the Ge(Li) intensity scale. 
The other measurements performed at the ILL 
consisted of the study of the (ii, yce) reaction with 
the electron spectrometer BILL. 26  These data 
are used, alone and in conjunction with the v-ray 
data, to provide transition multipolarities for 
nearly all strong transitions below 450 keV. The 
BILL spectrometer detects electrons, emitted 
from an in-pile target, in a multiwire gas counter. 
The target consisted of an evaporated film of 
thickness 150 ig/cm 2 enriched in 108 1?d with di-
mensions 3 cm X 10 cm. Typical resolution was  
4E/En10. In addition to a complete repetition of 
the entire electron energy range, the regions 
320-325 and 400-410 keV were scanned repeatedly 
(35 times for the latter) in order to detect the 
weak Li electrons from the 325 keV transition and 
to detect and resolve the K electrons for the tran-
sitions of 426, 428, and 433 keV. As a result, the 
energy and intensity uncertainties for these elec-
tron transitions were considerably reduced. Three 
small portions of an electron spectrum are shown 
in Fig. 6. 
The electron energies were calibrated with the 
use of the accurately known GAMS energies by 
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FIG. 5. Comparison of portions of a Ge(Li) spectrum (a) and a GAMS2 spectrum (b) in second order following ther-
mal capture. The shaded bar at the bottom of the Ge(Li) spectrum shows the -y-ray energy region spanned by the 
GAMS2 spectrum below it. Note that the GAMS dispersion (and therefore energy precision) is greater for higher or-
der of reflection. 
The absolute intensity scale was established by 
demanding that the 152.9 and 266. 3 keV transitions 
from the 266.3 keV (f') level to the 113.4 keV (i') 
and 0 keY (fl levels be pure Ml and E2, respec-
tively. This normalization is justified by a con-
sistent set of spin assignments for other levels, 
and since it yields an E2 multipolarity for the 
113-0 ( — ') transition and an E3 multipolarity 
for the known isomeric transition of 189 keV. 
Table VI shows the results of these measure-
ments including, in the last column, the adopted 
multipolarities. In many cases these were deter-
mined from the ratios of electron to v-ray inten-
sities. In a number of others, however, the ratios 
of conversion electron intensities from different 
shells or subshells provide an independent deter- 
- 
mination. In particular, one notes the drastic 
effects of a small E2 admixture on the L and M 
subshell ratios. This sensitivity allowed the 
small E2 admixture in the 94 keY transition to be 
identified and shows, for example, that, to high 
accuracy, the 113 keV transition is pure E2. 
Nearly all transitions studied appear to be of 
pure multipolarity; the only definite exception being 
that of 94 keV. For two others (264 and 276 keY) 
small admixtures of competing multipolarities are 
tentatively suggested (with large errors), while 
for others, such admixtures, though not supported 
by positive evidence, cannot be rigorously ex-
cluded. For these cases the formally allowed pos-
sibilities are explicitly noted. 
While these results will be discussed in detail 
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FIG. 6. Portions of the electron spectrum for the re-
action "'Pd (n,yce) 109 Pd. The peaks are labeled by ap-
proximate transition energy and by electron subshell. 
The region shown near the 325.3 key Li transition was 
repeatedly scanned in a separate measurement yielding 
higher accuracy than one would infer from the figure. 
below, we stress here the consequence of the El 
multipolarity deduced for the 245 keV ground state 
transition, namely, that it establishes an entire 
family of negative-parity levels. The El multi-
polarity results independently from both the K 
and L conversion electrons and stems from the 
low conversion coefficients measured. Careful 
inspection of the GAMS data in high order of re-
flection showed that this assignment cannot be due 
to an unresolved v-ray doublet at 245 key; any de-
tected second transition would have to be degen-
erate to within 20 eV. Furthermore, the parity 
changing nature of the 245 keV transition is con-
firmed by the El assignment for the 339 keV 
ground state transition and the parity nonchanging 
Ml +E2 transition between the 339 and 245 keV 
levels. 
3. Average capture experiments (BNL) 
From the above data a level scheme was con-
structed (see Sec. 11 C) which included negative-
parity states at 189, 245, 287, 339, 604, 645, 
673, 941, and probably 1359 keV. The spins were, 
however, not uniquely determined. The high cur-
rent interest in unique-parity states provided the 
incentive for more definitive spin assignments and, 
to this end, we performed average resonance cap-
ture measurements at 2 and 24 keV. This tech-
nique, given sufficient averaging, enables one to 
distinguish spin (and parity) values on the basis 
of differences in the averaged intensity of El and 
M  primary transitions following s- and p-wave 
capture. The technique has been described else-
where. 2" The experimental apparatus 23 at BNL 
produces nonmonoenergetic [full width at half 
maximum (FWHM) -900 eV] neutron beams of 2 
and 24 keV by passing a neutron beam through fil-
ters composed primarily of Sc and 56  Fe, respec-
tively. 
A target of 7.7 g enriched to 98.11% in 108 Pd 
was used. It was approximately 2. 5 x 2.5 cm in 
size and oriented at 45° to the neutron beam. The 
Y rays following neutron capture were detected by 
a three crystal pair spectrometer and calibrated 
for both energy and intensity by using the accurate-
ly known value S21  for the 35C1(n, y)  36C1 reaction. 
Figure 7 shows the spectrum for 2 keV average 
capture. Several background lines were observed 
and have been identified. Spins are indicated for 
those states whose spins were unambiguously 
known from the earlier measurements. Table VII 
is a tabulation of the average capture results. 
One does not expect the averaged primary inten-
sities to be constant for a given final state spin 
but to exhibit a smooth energy dependence of the 
form E, where n= 5 is usually28 used. In the 
present application we are not concerned with this 
question but only whether or not the intensities lie 
in a relatively narrow band when plotted against 
E. (That band need not be horizontal.) For con-
venience we tabulate the reduced intensities I/E 5 ; 
it is these values that should be consulted to in-
spect the quality of the averaging. 
From Table VII, it is apparent that states with 
J= , are populated at 2 keV with reduced inten-
sities of -6, that 	levels have populations in the 
range 1. 6-4. 1 and that - levels have intensities 
of -1.3. The dominant routes (capture state, 
primary transition multipolarity) for population of 
final states with different J' values are , 	(p.- 
wave, El and s wave, Ml), 2 , (s wave, El and 
P wave, Ml), ° ( p 3 , 2 , El), 	(p3121 Ml). Thus, 
the ratio of to populations gives the averaged 
intensity ratio for El/Ml for which a value of -3 
is deduced. From this and the approximately equal 
populations for, states regardless of parity, 
one deduces that the reaction is averaging over ap-
proximately equal strengths due to s - and p-wave 
resonances at 2 keV. From the ±-30% fluctuations 
in reduced intensities for J= 12 , states, the aver-
aging must then include on the order of ten s - and 















TABLE VI. Conversion electron measurements following the ' °8Pd(n,yce) 109Pd reaction for thermal neutrons. 
le a 
E7 a 	 Ea_ a 	 E anj. 	photons/1000 	electrons/1000 	 aTheory 
(key) 	(keV) 	Shell 	(keV) capture events capture events 0EXp 	 MI 	El 	E2 	E3 	Comments 
94.450(1) 70.098(9) K 94.448 34.7(35) 15.0(23) 0.433(87) 0.391: 0.158 1.32 
90.850(11) Li 94.455 1.53(15) 0.044(6) 0.0445 0.0153 0.119 
91.125(13) L2 94.455 0.486(194) 0.014(6) 0.0028 0.0015 0.0949 
91.287(11) L3 94.447 0.625(250) 0.018(8) 0.000k 0.0023 0.120 
93.854(38) MT 94.454 0.625(250) 0.018(9) 0.0090 0.0035 0.0642 
98.258(3) 73.907(7) K 98.257 16.5(17) 4.70(71) 0.285(49) 0.349' 0.141 1.15 
94.653(11) Li 98.258 0.726(145) 0.044(10) 0.0397 0.0137 0.104 
113.401(2) 89.054(9) K 113.404 297(30) 166(17) 0.559(78) 0.234 0.0931 0.708 
109.792(7) Li 113.397 15.7(16) 0.053(8) 0.0266 0.0092 0.0655 
110.071(7) L2 113.401 9.21(92) 0.031(4) 0.0016 0.0008 0.0399 
110.226(7) L3 113.396 11.6(12) 0.039(6) 0.0005 0.0012 0.0483 
112.736(7) MI, 113.406 2.97(30) 0.010(2) 0.0050 0.0017 0.0119 
112.760(7) M2, M3 113.410 4.16(42) 0.014(2) 0.0004 0.0004 0.0174 
152.942(1) 128.592(7) K 152.942 95.2(95) 9.04(45) 0.095(10) 0.102, 0.0395 0.252 
149.335(9) Li 152.940 0.952(95) 0.010(2) 0.0116 0.0040 0.0242 
152.309(16) MT 152.909 0.190(32) 0.002(5) 0.0023 0.0009 0.0086 
178.034(1) 153.684(2) K 178.034 72.0(72) 4.54(14) 0.063(6) 0.0678 0.0257 0.148 
174.435(8) Lb 178.040 0.432(86) 0.006(1) 0.0077 0.0026 0.0146 
188.990(1) 164.635(3) K 188.985 16.5(17) 8.32(25) 0.504(50) 0.0579 0.0217 0.121 
185.382(4) Li 188.987 0.809(81) 0.049(7) 0.0066 0.0022 0.0119 
185.662(5) L2 188.992 0.908(136) 0.055(9) 0.0063 0.0001 0.0037 
185.815(5) L3 188.986 0.759(114) 0.046(8) 0.0001 0.0002 0.0039 
188.420(9) MT 189.020 0.363(73) 0.022(5) 0.0013 0.0005 0.0037 
200.153(4) 175.798(8) K 200.148 12.0(12) 	' 0.492(103) 0.041(10) 0.0497 0.0184 0.0990 
211.884(3) 187.533(3) K 211.883 33.6(34) 1.48(6) 0.044(5) 0.0427 0.0157 0.0814 
208.287(12) Li 211.892 0.235(71) 0.007(2) 0.0048 0.0016 0.0082 
215.390(2) 191.039(11) K 215.389 6.7(7) 0.261(26) 0.039(5) 0.0409 0.0150 0.0769 
245.080(2) 220.727(5) K 245.077 154(15) 1.54(5) 0.010(1) 0.0292 0.0105 0.0497 
241.510(15) Li 245.115 0.231(46) 0.0015(3) 0.0033 0.0011 0.0051 
249.238(11) 224.897(6) K 249.247 19.4(19) 0.524(42) 0.027(3) 0.0280 0.0100 0.0470 
264.980(3) 240.642(9) K 264.992 13.4(13) 0.402(60) 0.030(5) 0.0239 0.0085 0.0382 
266.346(3) 242.001(4) K 266.351 27.5(28) 1.10(3) 0.040(4) 0.0236 0.0083 0.0376 
276.296(5) 251.948(6) K 276.298 32.6(33) 0.782(23) 0.024(2) 0.0215 0.0076 0.0333 
291.430(4) 267.076(8) K 291.426 60.3(60) i.27(4) 0.021(2) 0.0187 0.0066 0.0279 
287.821(78) Li 291.426 0.241(120) 0.004(2) 0.0021 0.0007 0.0029 
298.197(5) 273.813(18) K 298.162 12.6(13) 0.239(72) 0.019(6) 0.0177 0.0062 0.0258 
320.164(5) 295.809(9) K 320.159 27.8(28) 0.361(65) 0.013(3) 0.0148 0.0051 0.0205 
325.284(4) 300.927(4) K 325.277 122(12) 1.83(6) 0.015(1) 0.0142 0.0049 0.0194 
321.847(30) Li 325.452 0.244(41) 0.002(1) 0.0016 0.0005 0.0020 
326.868(4) 302.514(7) K 326.864 48.9(49) 0.978(39) 0.020(2) 0.0140 0.0048 0.0192 
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E then give approximately the correct ratio of 	' to 
C 
0 
..Lo C J= ,2 population as well. 	Known levels that are 
0 
2 .2 not observed most likely have J> .. 	(The pos- 




V such states seem to be populated near the limit of 
H 'U) 0 sensitivity and there is an insufficient number of 
- 
C them known to verify precisely the degree of 
o -- C 
U) 
C avera ging.) Table VII gives the spin restrictions 




When combined with the results of the other ex- 
Q) U)'-' C 
periments, the average capture data allows a sub- 
C 
C.. C. 0 stantial refinement of the adopted spin set. 	Note 
C also that the nonobservance of the 370, 382, 404, 
C U) 	C)) C 
C.. 
- 
742, and 960 keV levels, all but the last observed 
. 	 U) 
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do not exist or else have spins 	or 
C C 
C. 
C B. Spin of the 2.96 eV resonance 
C -- 
U) The spin and parity of the 2.96 eV resonance 
-- u C C were not known prior to the inception of this study. 
C 0 
. a The current experiment demonstrates that it is a 
C-..... 
C 
C p312 resonance. 	This is clear from the fact that 
the intensity ratios [1(90/1(135)] in Table 111 are 
C C C. . 
C 
not all unity, and in particular by their strong 
be 
. 
C- 	C)) — 
C') C U) 
C variation from transition to transition. 	The fact 
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a C C ' 
0 
that several previously assigned 	' states are 
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CC Figure 8 shows the level scheme for "Pd for 
CC 
CC excitation energies below 1.36 MeV based upon 
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U) 	C tions and by the requirement that the ratio of the 
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cz horizontal bars, a number of levels for which no 
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0 
a depopulation has been determined. 	These levels 
.5 --' 
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are, however, populated by primary y rays in the 
C ' 	 C C rn thermal and/or 2.96 eV resonance reactions as 
.0CC..C C.CU)U) 
C indicated. C0 
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C C 	00 The curved crystal spectrometer efficiency falls 
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CC 0 0 off rapidly with increasing y-ray energy so that 
U)U) CC U) — — these data are primarily of use for E, <1 MeV. 
E .cl  Since the level scheme relies on precise Ritz 
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H H ..- 	. H C e and, therefore, Table V terminates at E, -'1020 Cr .0 	
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keV. 	Owing to this restriction, the level scheme 














FIG. T. A portion of the spectrum of double escape peaks for E=2 key average resonance capture. Peaks corres-
ponding to states with unambiguous spins based upon data from the other experiments are labeled. Background peaks 
are deroted by BG. 
may be incomplete above -4 MeV in that transitions 
to the ground state region may not have been 
placed. (An exception is the 1359 keV level for 
which special attention has been given to such 
transitions as will be discussed below.) 
Spin and parity assignments are made on the 
basis of the thermal and resonance primary v-ray 
data, the resonance angular anisotropy measure-
ment, the (n, yce) data, and the average capture 
data. Population by a primary transition restricts 
the possible spin assignments for a level, since 
such transitions have dipole multipolarity, except 
for the weakest which may be E2. Thus, primary 
population of a low-lying state in the 12 resonance 
implies a final state spin of, , , () and in 
thermal capture a spin of, , () where the J 
values in parentheses are those allowed for E2 
primary transitions. The population of some 
states by strong primary transitions in both ther-
mal and resonance capture (with capture states of 
opposite parity) demonstrates that Ml transitions 
can be comparable to the strongest El primary 
transitions in this mass region. Thus, parity 
assignments cannot be made on the basis of pri-
mary transition intensities in the thermal or single 
resonance capture experiments. 
For all levels observed, Table Vifi gives the 
adopted level energies and jf  assignments and 
summarizes the earlier charged particle transfer 
work. In addition, and in lieu of a detailed de-
scription of each level, the table succinctly sum-
marizes the arguments for the J' values. A few 
specific points are explicitly mentioned below 
either where the level is particularly important 
for later discussion, or the argument is complex, 
or where ambiguities remain. 
245.081(2) key; 	
(F) 
From the E1.multipo- 
larity of the 245 keV v ray, this level must be , 
, -. The average capture data exclude the 12- 
choice and argue strongly against the f choice 
leaving 	as the most likely spin. This negative- 
parity assignment, which is in sharp disagreement 
with the 	value given in Refs. 1, 2, 16, and 17, 
has considerable impact on both the resolution of 
the 9712 -h1112  anomaly and on the identification of 
negative-parity states. (See Sec. Ill.) 
Owing to the importance of the negative -parity 
assignment, -we show the evidence for the El mul-
tipolarity assignment more explicitly in Fig. 6. 
Shown there are the K conversion lines from the 
245 keV El and 249 keV Ml transitions; the K con-
version coefficients are 0.010±0.001 and 0.027 
±0.003, respectively. This difference of a factor 
of almost 3 is just the difference in Ml and El K 
conversion coefficients for Pd at 250 keV. 
28 7.250(3) ke V; 	. The existence of this level 
is tentative as only two secondary v rays can be 
placed to define it. The 317 keV v ray depopulates 
the 604 keV level while the 98 keV Ml v ray popu-
lates the 189 keV level. The latter restricts the 
possible spin assignments'-- , 	. However, 
the transition from the 604 keV level (J= , see 
below) rules out 	or 	Thus, if the state 
exists, it is J'= }. A possible third transition 
to define this level is that depopulating the 645 
keV level. This transition is plausible but not 
shown in Fig. 8 since an insufficient number of 
combinations involving the 645 keV level were. 
found to precisely determine the energy of that 
level. 
326.869(2) ke V; f. The multipolarity of the 
326 keV v ray is E2, so the parity for this level 
is positive and the transition from the 673 keV 
level (Jt  = fl rules out for the 326 keV level. 
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TABLE VII. Results of the average resonance capture 
experiments. 
Eex a 	 17 /E 7 5 (MeV5) b 
(key) E=2keV Ee 24keV  
0 4.1(4) 0.1(1) 2 




245.081 1.1(3) d 0.2(2) (t) 
266.343 10.2(7) 1.2(2) .3. L2.2 
276.290 
287.250 ... ... 
291.434 8.2(8) 1.6(2) 2*2 
325.285 
}4.85 }1.93 both 	or 
326.869 and -'_ 2*2 
339.530 1.2(4) 0.2(1) . 5.- 
426.140 1.1(4) d 
433.562 5.4(5) 0.9(3) .L.3. 2  
491.590 7.1(7) 0.4(2) .L. 3. 2'2 
540.676 1.6(4) 1.9(3) 2 
604.513 1.3(4) 0.4(2) - '12 
623.482 10.5(9) 1.6(3) 2 
L'.1 
2 
645.9 0.3(2) . 5._ 	.1. . 2 	'2 
673.491 4.8(6) 0.9(3) (.& .) 12*.3.2 
722.043 4.0(6) 1.0(2) L+  1 .3. 2.2.2 
791.426 4.1(7) 1.4(3) 1.. 	. 	. 5. .3 .2.2*2 





846.1 2.3(5) 0.7(4) 12 
911.303 1.9(5) 0.9(3) £2 
941.100 5.5(18) 
}1.33) }bothf.f 944.967 5.4(18) 
954.163 9.3(9) 0.7(3) 2 
1..5. 
2 
981.755 1.8(6) 0.7(3) £2 
1053.628 8.0(10) 1.5(4) - 2.2 
1065.8 6.6(9) 1.1(3) 2.2 
1091.0 3.5(7) 1.6(4) 12 
1111.8 5.9(9) 1.2(4) 2*2 
1134.696 7.8(10) 0.8(4) 1. 
 2. 
2 	2 
1147.7 5.4(9) 2.0(5) 2'2 
1232.795 4.2(9) f= 2.6(5) d £ .3. j 2.2*2 




1269.5 3.3(8) 1.1(5) 2*2*2 
1328.4 1.6(9) 1.2(6) .5- 2 
1347.7 6.5(12) d 2.0(6) - 	 - 2*2.2 
TABLE VII. (Continued) 
Eex a 	 I/E 5 (Me V 5) ' 
(keY) 	E=2keV E=24keV 	jlC 
1359.413 	19.4(19) 	1.3(5) 
1371.1 	... 	1.2(6) 	a- 
1378.1 	7.4(13) 	0.8(6) 
1399.0 	5.5(11) 	1.3(7) 
a Excitation energies listed are those obtained by com-
bining all experimental data, not just that of the average 
capture measurements. An excitation energy cutoff of 
1.4 MeV was enforced as the sensitivity decreased ap-
preciably at approximately this energy. 
b Relative reduced intensities with errors in paren-
theses on the last digit. The reduced intensities employ 
different arbitrary scales for the two neutron energies. 
Direct comparison of entries can only be made within a 
column, not between columns. 
C  The J' values listed are those deduced solely from the 
average capture data. Unless explicitly noted the parity 
of a state is not assigned, i.e., an entry off- means 
The following guide lines were employed in making spin 
assignments: I7 /E 7 5 4 at 2 keV and 1. /E y ' 
1 at 24 key; j TT = .L+ 1.6/E 5 4 at  keV and 0.7 
Iy/E 5 2 at 	J'=- , I,/E75 < 	 1.5 at  keVand 
I7 /E 7 5 0.5 at 24 key. There are several instances in 
which both requirements are not fulfilled, due to poor 
statistics at E=24 keV. For these cases assignments 
were made based upon the reduced intensities at 2 key. 
d Background peak known to exist at approximately the 
same energy as the primary V ray. Only an upper limit 
of the primary v-ray intensity can be obtained. 
The 2 keV average capture intensity to the 325-326 
keV doublet is insufficient for there to be two 
levels or a , pair, so the 326 keV level must 
be . This is consistent with the angular distri-
bution data for the 2.96 eV resonance. In Ref. 17, 
an 81 keV transition was placed from this level to 
the state at 245 keV. If this placement is correct 
the multipolarity assigned to the transition in Ref. 
17 cannot be correct. However, the implied El 
multipolarity is consistent with the uncertainties 
(±86%) on ak cited in Ref. 17. 
604 .513(3) key; f and 941.100(3) key; f. The 
spin arguments for these two levels are unam-
biguous but complex; we present them in detail. 
The 604 keV level is defined by at least six secon-
dary transitions. Depopulation to the negative-
parity states at 245 and 339 keV by parity non-
changing transitions establishes negative parity. 
The 941 keV level is populated by a strong primary 
transition in thermal capture indicating that J= 2p 
. One of the six y rays depopulating the 941 keV 
level is an MI transition feeding the 604 keV level; 
thus, the 941 keV state is also negative parity and 
the 604 keV level must then have Jf= 	T, or 
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E 0 (key) 	
J. 
FIG. 8. Level scheme for 109 13d. Relative intensities of secondary y rays are indicated by arrow thicknesses and are 
specifically given in parentheses relative to a value of 100 for the 113 key y ray. (Intensities are for y  rays and do 
not include correction for internal conversion.) Excitation energies include nuclear recoil coroections. However, en-
ergies given above transition arrows are y-ray energies. Questionable placements of y rays are indicated by dashed 
arrows. Short arrows at right indicate primary transitions as follows: open arrow—primary transition observed for 
2.96 eV resonance, solid arrow—primary transition observed for thermal capture or for both thermal and resonance 
capture Finally, J' assignments which do not specifically show a parity mean that both positive and negative parities 
are possible, e.g., J'= means J'=-. In addition to the levels shown, states at 1065.5 ±0.5 ( -21* , 12 : ) and 1347.7 ±0.5 
keV ( , , ), though not populated by primary transitions in thermal or 2.96 eV capture, are suggested by the av-
erage capture results. 
Weak population of the latter in average capture 
implies that JT=  for the 604 keV level which is 
also consistent with the MI transition to the likely 
245 keV state. Given the nature of the 604 
keV level, the 941 keV state must then be 2  as 
would also be required if the 245 keV level is in 
fact 
645.9(5) keV; 2-i (p). This level is populated by 
a weak primary y ray in the 2.96 eV resonance 
indicating that J= , , , 	No secondary 
transitions could be unambiguously placed. The 
average capture results eliminate , , and 
spins. The 	possibility is also unlikely since 
both the levels at 339 and 604 keV are seen in 
average resonance capture. 
673.491(3) keV; 	. This state is defined by six 
secondary transitions and by two primary transi-
tions. The strong thermal primary y ray indi-
cates a dipole transition and thus J= , 12. The 
level is depopulated by the 334 keV (Ml) and 428 
keV (E2) y rays to the negative-parity states at 
339 and 245 keV, respectively. Both establish 
negative parity for the 673 keV level and the form-
er gives a unique assignment. 
1053.628 (20) keV; 	. This level is defined by 
population by a primary V ray at both thermal and 
2.96 eV neutron energies and by two secondary y 
rays which depopulate it. The resonance angular 
anisotropy measurement favors a spin assignment 
of over 2 . However, the thermal primary in-
tensity is too strong to be E2, so that J= would 
be the more likely assignment. Since the aniso-
tropy is rather poorly defined, this assignment is 
not inconsistent. It is also supported by the strong 
population in average resonance capture. 
1232.795(50) key; f, f. The two y rays which 
depopulate the level of 799.265(51) and 966.439(24) 
keV give good agreement in their energy combina-
tions. However, the intensity ratio for the 799 
keV y ray is 1.2 ± 0. 3, while for the 966 keV y ray 
it is 4.0±0.8. Clearly, one or both of these two 
Y rays does not depopulate this state. In the ab-
sence of a third y ray to establish the intensity 
ratio for the level, both transitions are considered 
TABLE WI!. Summary of information on levels in "'Pd for E ,, ~~ 1.7 MeV 
JTT limitations 
From secondary transitions 
Present work 	
b 	
From primary 	From angular 	From average 	and (n,yce) multipolarities 
Eea (key) 
a 	 Previous work C 	transitions distribution data Res. Capt. (Tables V and VI) 
(adopted) 	(adopted) 	E., (keV) 	I 	J'_-- 	(Tables III, IV) at 2.96 eV (Table III) 	(Table WI) 	 transition 	 Parity 
0 
e 
0 2 .1aL±L+ 2 2 2 	.2 	'2 2 
113.400(2) 2 113 0 •- 2 2 	'2 	'2 2 2 	'2 E2 to L + 
188.990(1) 
e 
2 188 5 2
11 
2 E3 to F - 
245.081(2) 2 	'2 	) 244 4 2 (f ) ,aj. El tof - 
266.343(2) 
L+e 
2 264 0 2 




276.290(3) -+ M1(E2) to 5- 2 + 
(287.250(3) f) - Mi to j-, fed from 21  
291.434(2) 291 2 -~ 2 .L 	.2. 	
ja 
2 '2.2 2 J_* 2 	'2  
i+ 	j+ MI , 	and + 
325.285(2) 2 324 2 2 L L 2 	l ' Mi's to - 	and + 




2 E2 tot,  fed from - + 
339.530(2) 339 
j a .2a 
2 	.2 	'2 	'2 
5- 
2 El to f, M1(E2) to 	(L - 
Do not exist 3709 (1) () 
or 382 9  0,2 2 	'2) 
J=.& 	or 404g 0 
426.140(3) 2 427 





2 2 	' 2 
L 	
2 ' Mi's to 	and F + 
491.590(2) 2 490 2 
.3•+ 	(j 
2 	' 	2 	) 
La La (L) 
2 	'2 	* L 	
5-a 
2 	'2 E2 to f, Mi to + 
540.676(2) 1:1 2 540 2 2 
_a 	2_a  L 




tO S MI 	S + 
596f 4 
604.513(3)' Ml's to .5. 	and L(L ) 2 2 2 — 
623.482(2) 2 623 0 2 
•1_* 	La 




2 	'2 Mi tof + 
645.9(5) L 1 (2 	) 644 4 
L La 1a 	i (t) 	t 2 2 2 	'2 	'2 	'2 








2 	'2 	'2 	) MI tof, E2 toj- (f) - 
712  (4) L(.5.) 
722.043(3) L+ .2_a 2 	'2 719 9  2 
(ff ) ' a 	2_a 
2 	'2 
p 1a a 
2 	'2 	*2 Feeds 
729 2 F 










2 '2 '2 	 2 
i .a. .2. L- 
2 '2 '2 '2 
jt 3* it 
2 '2 '2 
jt 
2 '2 
a.t 2.t ji 
2 '2 '2 
it 
jt j* -I• 
2 '2 	2 
i .3P 
2 '2 
li .2. 	.5.. 
2 '2 '2 
i .1ii1. 























Feeds 2 S 
MI to f, feeds -'2. 2 12 ) 
Feeds 
-e 
Feeds .L- 2 
tt 
it .a. 
2 ( 2 ) 
TABLE VIII. (Continued). 
J' limitations 
From secondary transitions d 
Present work 	
b 	 From primary 	From angular 	From average 	and (n,yce) multipolarities 
E (keV) a 	 Previous work C 	transitions distribution data Res. Capt. (Tables V and VI) 
(adopted) 	(adopted) Eex (keV) 	I 	JIT (Tables III, IV) 	at 2.96 eV (Table III) 	(Table VII) 	 transition 	 Parity 
791.426(5) 789 2 '1.) 2 	'2  
810.595(4) 2 	'2 809 2 2 
846.1(5) 
5•1.
2 843 2 2 
883f 5 11 
911.303(22) 2 909 2 2 
941.100(3) h 940 g 1 2 




9549 0 2 
Does not exist or J` = 








1111.8(5) i_i 2 
i± 
'2 
1134.696(6) . L2 '2 




1006 9  
1053 2 () 
1065 0 
1092 2 & 	i2 	'2 
1146 2 2.1.2 
1176  3 (f) 
1232.795(50) 2 	'2 1233 0 2 2'2 
it it j+ 
2'2'2 
1243.9(5) 2 	' 2 1241 8 3 (t) 	.1. .3. 2 	'2 
1269.5(5) 2 	, 2 	'2 1266 
1308 9  
2 i+ 	2.1. 2 , (2) 
.l_ 	.& 	i 
222 
£ 	.3P .& 
2'2'2 
1328.4(5) 2 	2 1329g (1) (f) .Lt .IP jt 2 	'2 	'2 (.3•) 2 









2 	'2 	(2 	' 	) 
.1.. 	.3. Feedsf's 2 	'2 
1371.1(5) 2 1371 2 2 
.LP it i* 
2 	2 	'2 
jt 
2 
1378.1(5) .Lt it 2 	'2 
L:1 	&t 
2 	'2 
1.* 1±  
2 	'2 
TABLE VIII. (Continued) 
	










(Tables III, IV) 
From angular 
distribution data 





From secondary transitions' 1 
and (n,yce) multipolarities 
(Tables V and VI) 




£ 	.3P .t. 	* 
2 	' 2 2 	'2 
1448 f 2 (fj+) 
1478.7(5)' 1476 0 -' 2'2 2 2'2 
1484.9(5) 
j* 	* 
2 	' 	( 2 2 
14849 2(1) 2 	(2 	) 
.1.. 
1499 9  
2 	'2 
1537.3(5) 1539 0 .-± 2 	'2 , 
1540.3(5) 2 15418 (3)(2) (3_X.&+ ) .i_ 	.a.± 
1561 8 
2 	'2 	'2 2 
1601.7(5) £ 2 	2 ' 
l6OO (0) (J1) 2 	'2 
1615.8(5) £ 	.2P 2 	'2 
j * 	p 
2 	'2 
1623.9(5) £ 	
•3* J_± 	± j 
2 	'2 	'2 2 	'2 	'2 
1644.6(5) .L 	.1 2 	'2 1644 (2) .3.. 	
j•f 
(2 	'2 	) 
£ 	.3. 
2 	'2 
1647.8(5) .i_ 	.aP 	.P .t.± 	.aP 2 
1656 (0) 
169 2(1) (f)(f) 
1683.5(5) - 2 	'2 1682 1 0 *1. .L 	.3. 2 	'2 
1692 f 0 
1710.2(5) 
"Uncertainties are denoted in parentheses and are on the last digit(s) of the corresponding entry. Excitation energies given to nearest tenth of keV are weighted 
averages of the thermal, resonance, and average capture primary y-ray measurements; otherwise excitation energies are based on Ritz combinations of the 
curved crystal data. 
b See explanatory notes in text. J" is obtainable by combining the information given in columns 6-10. Note that columns 6-8 are complete (they summarize all 
the relevant data) whereas column 9 only gives the information from the secondary transitions actually needed to define the level spin. 
C  From Table I in Ref. 2. Eex values listed here are the averages of those given in Ref. 2. Note that the measurements of Refs. 1 and 2 consisted of the quoted 
I values in the (d,p) and (d, t) reactions. The specific assigned J' values involved additional shell model arguments. 
d The notation Mi to 	means that the level in question deexcites by an Ml transition to a 	level; Mi's to 	and f' denotes two different Mi deexcitation y 
rays; Mi to j- ( ) denotes a transition to a state whose spin is limited to L- - (t 	); "f eeds" or "fed from" means that the transition multipolarity could not be deter- 
mined from the (n,yce) data and therefore that the limitation on JIT  from thistransition is based on an assumed multipolarity of El, Mi, or E2. e Level spin taken from literature (Ref. 15). Present data are consistent with this J". 
Level populated only in the (d, t) reaction. 
g Level populated only in the (d,p) reaction. 
1478.7 keV level may be a doublet. 
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to be questionable placements in the level scheme. 
Consequently, the uncertainty for the excitation 
• energy is taken to be the larger of the two v-ray 
energy uncertainties. It is possible, however, 
that neither placement is correct, in which case 
an energy and uncertainty of 1233.5±0.5 keV 
come from the primary transition alone. 
1359.413(14) key;1., f.  This level is populated 
in the thermal reaction by the most intense primary 
' ray, as well as in the 2.96 eV resonance. 
Therefore, J' must be -, 	and is most likely to be 
negative parity. The y ray to the 339 keV level 
() rules out ' for the 1359 keV state. The 
418. 298(7) keV I' ray could be placed between the 
1359 and 941 keV levels, based upon energy com-
bination. However, the intensity ratio for this y 
ray is 0. 5, and such a placement is, therefore, 
inconsistent with the population of this state. 
Since the 1359 keV state is populated by the most 
intense thermal primary transition and since it 
decays predominantly to negative-parity states, 
it is of interest to place limits on the possibility 
of decay to other states below 339 keV (i.e., by v 
rays beyond the energy cutoff of the curved crystal 
data). Inspection of the Ge(Li) detector spectrum 
for thermal capture for the energy range of 1.0 
to 1.4 MeV revealed that there are peaks at 1032.5, 
1034. 1, and 1114.3 key which could be transitions 
between the 1359 keV state and levels at 326, 325, 
and 245 keV, respectively. (There is no evidence 
of a 1359.4 keY transition to the ground state.) 
However, for each of these, the peak in the reso-
nance data is nearly the same intensity, thereby 
ruling out an origin in the 1359 keV level whose 
population in thermal capture is 7.8 times as large 
as in the 2.96 eV resonance. 
By virtue of the strong population by a thermal 
capture primary transition, the 1359 keV level 
leads to considerable population of a negative-pari-
ty system of levels at lower energy. Since such a 
strong primary intensity is statistically unlikely 
such families are seldom observed, especially in 
the complete fashion obtained here. These data 
therefore provide an unusual but long sought for 
opportunity to study the low-spin states of unique 
parity that have the same parentage as the high-
spin yrast levels that are of high current interest. 
D. Spectroscopic factors 
Table Vffl compares the present results with the 
earlier (d,p) and (d, t) results. 1,2  The transfer 
reactions, of course, are sensitive primarily to 
the orbital angular momentum transfer and not to 
the final state spin. However, from a shell model 
dependent analysis of the ratios of (d,p) and (d,t) 
spectroscopic factors, the authors of Refs. 1 and 
TABLE IX. Spectroscopic factors for some levels in 
109Pd. a 
Eex 	Previous 	 Current 
(key) J' 	S(d,p) S(d,t) 	J7 	S(d,p) 	S(d,t) 
245.1 0.44 2.3 7- 
7 -(1 0.08 -0.4 
426. 7 
7' 0.2O' 
7 0.20 4.0 
433 6 7
3. 0.038 <0304C 
623.5 -' 0.053 0.056 -' 0.095 0.162 
645.9 ' 0.12 0.46 7 - 5 - 7 	(- 	) 0.02 0.01 
0.053 ... 5 * 0.031 0.179 
791.4 
(7 •) .. . 0.179 
0.022 0.13 
810.6 .' 0.022 0.27 
0.038 0.35 
846.1 ' 0.062 -0.10 0.036 0.08 






a Entries are given for levels where the JT  value 
assigned in earlier (d,p) or (d,t) work (Refs. I and 2) 
are updated by the newly determined value(s). Where 
the parity of a level is uncertain we.have taken it as 
positive for the purposes of this table and placed paren-
theses around the parity symbol. 
b Taken from Refs. 1 and 2. Note that both the 791.4 
and 1091.0 key levels are assigned there as -' from 
(d, t) and 	from (d, p). We obtain J= - for both levels, 
and thus the (d,t,) but not the (d,t) spectroscopic factors 
are changed. -_ 
The upper limits quoted refer to the unresolved 
question of whether one or both levels are populated 
in the charged particle reactions. It seems probable 
from the measured excitation energies, however, that 
most of the cross section is to the 426 keV .' level in 
which case the entries for that level can be read without 
the symbols. 
2 interpreted their data to provide tentative J 
values for many levels. Comparison of the two 
sets of J7 assignments shows a number of cases 
of agreement, a number of cases where one of the 
currently allowed values of J' agrees with the 
earlier assignment, and several levels where 
definite discrepancies exist. Most of the previous-
ly assigned J= -' states are included in this last 
category. 
Table IX lists the previous spectroscopic factors 
and those currently reevaluated for levels whose 
J values are redefined in the present work. The 
table does not include the 1243 keV level since too 
many possibilities still exist. The new spectro-
scopic factors were obtained from the data of Refs. 
1 and 2 combined with the currently revised J' 
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values. One notes from Table IX that significant 
changes in the S factors arise, particularly for the 
previously assigned 	states. These changes oc- 
cur because the DWBA cross sections decrease 
rapidly as 1 and j grow larger and, thus, the same 
experimental cross section generally represents 
a larger spectroscopic factor if the state is a high-
er spin state than if it is assigned a lower spin. 
Thus, one consequence of the new spin assign-
ments is the revision of the corresponding spec-
troscopic factors and, in effect, the consequent 
removal of large amounts of g712 spectroscopic 
strength without significantly changing the spec-
troscopic strengths for other shell model orbits. 
The effect of the revised spin assignments on the 
degree of orbital filling is discussed in Sec. 111. 
E. Statistical behavior of primary transition intensities 
It is interesting to use the more reliable set of 
spin assignments now available for 109 Pd to deter-
mine if the intensity distribution of primary v-ray 
transitions may contain information on the neutron 
capture mechanism itself. 
For most nuclei the primary transition strengths 
(partial radiative widths) follow a statistical dis -
tribution which has been successfully interpreted 
in terms of the hypothesis of the formation and 
decay of a complex compound nuclear capture 
state. However, in certain mass regions the cen-
troids of the 2p, 3p, and 3s shell model orbits lie 
near the neutron binding energy; that is, the neu-
tron strength functions for these orbits attain their 
maximum values. In these regions one may expect 
the capture state to contain larger than statistically 
expected components of the relevant single particle 
state. Transitions to certain other low-lying 
single particle states might then be expected to be 
relatively enhanced, leading to deviations from a 
purely statistical spectrum of primary v-ray in-
tensities. These qualitative ideas have received 
formal expression in the valence neutron model. 2936 
which has had quantitative success' 3 ' 336 in pre-
dicting partial radiative El widths following neu -
tron capture in 24Mg, 36Ar, 50Cr, 54  Fe, "Ni, 
9098Zr, and 92, 98Mo, nuclei which in fact lie in the 
above mentioned regions of strength function max-
ima. 
For ' 08 Pd the 3p strength function has decreased 
by a factor of -2 from its maximum value of Sl 
= 7.0 x iO attained in 96 Z and 98Mo and, there-
fore, this nucleus provides an interesting test 
case for the model. 
The discussion that follows uses the absolute 
primary transition strengths given in Table III to 
deduce partial radiative widths r 1 , for "Pd after 
application of a correction for the angular aniso- 
tropy of the y rays. It also assumes that levels 
not assigned negative parity are in fact positive 
parity. Using the experimental angle-averaged 
intensities (Ii,), the partial radiative widths 
were extracted using the total radiative width r 7 
for the 2.96 eV resonance given in BNL 325I9 If 
we consider positive-parity low-lying levels of 
109Pd, these empirical widths refer to El multi-
polarity following p-wave capture. 
The F 1 can be compared with the valence neu-
tron model (VN) predictions obtained from the ex-
pression (see Ref. 30, p.  327 and Ref. 33) 
16ith 3 
(rYl,)VN=---.-ol26,2 I fdruirLf 
< 	iy'i Ij'IJ,) 
12 	
(1) 
2J + 1 
where k is the photon wave number, 8 2 and 0,2 
are initial and final state reduced widths, J is the 
effective charge given by -eZ/A, and U1 and U. 
are the initial and final single particle radial wave 
functions. In the geometrical factor, J4 and J1 
are the spins of the initial () and 'final levels, I 
is the spin of the core, which is zero for an even-
even target nucleus, and j and  j' are the single 
particle angular momenta which for 1= 0 are equal 
to J1 and J1, respectively. 
The essential physics on the model is contained 
in the reduced widths 0i2  and 0. 2, which depend on 
the 1 and j of the shell model orbit, and which are 
related to the single particle structure of the initial 
and final states. Thus, 6,2 = S(d,p) and, therefore, 
the calculated (I',) VN are proportional to the (d,p) 
spectroscopic factors and, therefore, to the mea-
sured (d,p) cross sections. One must note, how-
ever, that the valence model describes only one 
amplitude in the radiative neutron capture mech-
anism. This component may be expected to domi-
nate (e.g., over compound nuclear formation) only 
for those low-lying states with large spectroscopic 
factors. For other levels one must expect the 
correlation of the measured and valence model 
widths to be masked by strong statistically varying 
contributions to the total 
The quantity 0,2 is given by v 2 /v 2 , where y,, 2 is 
the reduced neutron width of the capture state and 
Yso 2 is the single particle reduced width. In Lynn's 
prescription '30 y 2 is taken to be the value for a 
square well potential. Since the two corrections 
to this prescription pointed out by Lane and Mug-
hahghab3 ' approximately cancel we have taken 
Lynn's value S30  for both y 2 and for the radial in-
tegrals in accordance with continuing custom. 36 
The qualitative result of the calculations is that 
the (r41)5 for p 312 - d312 transitions are lower 
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FIG. 9. Comparison of the measured partial radiative 
widths for the 2.96 eV resonance with those predicted 
from empirical (d,p) spectroscopic factors according 
to the formalism of the valence capture model. The 
labels on the right denote the jf values used for each 
state. The J values and spectroscopic factors used 
are taken from the results of Refs. 1 and 2 except where 
these have been corrected in the present work. 
- d 512  transitions for states with the same S(d,p). 
Thus, low-lying s 112 levels with large spectro-
scopic factors should be populated by intense pri-
mary transitions while those to low-lying d312 
states are predicted to be much weaker. 
A quantitative comparison of measured f,i, and 
those predicted by the model is given in Fig. 9. 
As is evident, the model calculation for the do-
minant p312 -s 112 transition to the 113 keV level 
is in agreement with the data. The higher-lying 
d312 and d512 states generally have smaller S(d,p) 
values so that more complex reaction mechanisms 
mask any valence contribution and the comparison 
provides little information. For the d512 ground 
state, the discrepancy apparent in Fig. 9 is strik-
ing and represents a clear disagreement with the 
model although, admittedly, the S(d,p) value for 
the ground state is only -0. 18. This is consider-
ably lower than in the lighter Zr and Mo isotopes, 
where the valence neutron model is successful. 
III. DISCUSSION 
A. Filling of the 9712 and h 1412 orbits 
Table X presents the old and new spectroscopic 
factors for the (d,p) and (d, t) reactions into ' 09 Pd 
summed over all states studied in Refs. 1 and 2. 
The current values include the deletion of the I = 0  
strength from the 382, 404, 742, and 960 keV 
levels now thought either not to exist or to have 
J>- on the basis of their nonobservance in average 
capture. As expected from the results and discus-
sion of Table IX, the S( 21.') entries are the most 
significantly affected by the current results. 
Table XI shows the systematics of the summed 
spectroscopic factors for several nuclei in this 
region, for the uniform excitation energy range 
0-920 keV. The upper energy cutoff is deter-
mined by the limited (d, t) data 3 ' available for 
103Ru. In parentheses below some of the entries, 
however, are the spectroscopic factor sums that 
would be obtained for a fuller energy range where 
this can be evaluated. Such entries are made only 
when the extended sum differs by 15% or more 
from the values tabulated for 0-920 keV. 
The systematics evident in the table are reveal-
ing. Rather consistent numbers are obtained for 
a given reaction for the s 112 , the combined d312 , 
d512 orbitals, and for the h1112 orbital. [Note that 
since both the d312 and d512 orbits are being ac-
tively filled in this region, the empirical distinc-
tion between the two spins, which relied in Ref. 
1 and 2 not on the 1 transfer but on the ratio 
S(d, t)/S(d,p), is more ambiguous than for other 
orbits and it is, therefore, safest to consider the 
combined S factor sums for both spins.] For the 
9712 orbit, the current revised results for 109 Pd 
bring these quantities into reasonable consistency 
with the data for 103105Ru. Furthermore, the 
ZS(d,p) value for 109 Pd is now much closer to that 
for the neighboring Sn isotopes (see Table I), which 
suggests that a major source of the apparent 9 712 
anomaly was misassigned spin values for the 245 
and 646 keV levels. 
A meaningful way to investigate further the ex-
perimental trends is in terms of the equivalent 
number of neutrons in each orbit. This quantity 
is related to the spectroscopic factors via 
TABLE X. "'Pd: Summed spectroscopic factors. 
ES,(d,p) 	 ES,(d,t) 
Orbit Previous a Currentb Previous a Current' 
0.52 0.46 1.14 1.00 
0.86 0.87° 1.45 1.96° 
0.24 0.30 2.70 2.51 
0.76 0.20 7.36 4.6 
a Taken from data tables of Refs. I and 2. 
b Taken from Refs. I and the substitutions given in 
Table IX. 
° The values listed assume no contribution from the 
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TABLE XI. Summed spectroscopic factors and number of neutrons for different 5-shells 
for several A 100 nuclei. Eei= 0-920 key. Numbers in parentheses are the spectroscopic 
factor sums obtained for wider excitation energy ranges, as available; namely, up to-2.5 MeV 
for "'Pd, 1.3 MeV for 107Pd, and 1.9 MeV for the (d,p) entries for 103,  105Ru. These numbers 
are a guide to the effect of truncating the energy range and are given only if they differ from 
the principal entry by more than 15%. Values for N1 are obtained using Eqs. 2 and 3. 
(d,p) 	 (d, t) 
Orbit 	 103Rua 	IOlRua 	bO?pdb 	lOOPdc 	13Ru b 	bo?Pdb 	IOIPdC 
FS1 0.51 0.57 0.51 0.37 0.78 0.63 0.59 
(0.46) (1.00) 
NJ  0.98 0.86 0.98 1.3 0.78 0.63 0.59 
.*) ES,d 0.63 0 0.61° 0.76 0.93 3.63 3.43 3.57f 
(0.77) (0.80) (0.90) (1.17) f (4.46) 
N 6.3 0 6.2e 649 579 3.63 3.43 3.57 
ES 1 0.42 0.23 0.71 0.20 2.83 4.60 4.6 
N1 4.64 6.16 2.32 6.4 2.83 4.60 4.6 
121 ES1 0.27 0.28 0.29 0.28 1.92 1.67 2.91 
N, 8.8 8.6 8.5 8.6 1.92 1.67 2.91 
TN J  
2 	 11.9 	13.1 	9.7 	13.5 	7.2 	8.7 	8.7 
2 From Refs. 37 and 38. The excitation energies of Ref. 37 are in error because of a 
missed ground state for 105Ru. Reference 38 also leads to slightly different S(d,p) values for 
105Ru. 
b From Refs. I and 2. 
C  From Refs. I and 2 and present work. 
d The empirical distinction between spin assignments of 	and 	is somewhat uncertain for 
these two actively filling orbits. Thus, we prefer to tabulate the combined spectroscopic 
sums for these orbits. 
I ES(d,p) and N1 (d,p) values for 103 ' 105Ru are obtained assuming all 1=2 transitions popu- 
late 	states. The N 1(tl,p) values will differ slightly if some of the 1=2 transitions populate 
states due to slightly different o,() and 	cross sections. 
Assumes no contribution from the 433.6 key level and that the 810.6 key level is. 
To calculate N(d,p) the following values for ES,(d,p) (Eex  920 key) for 	and 	orbits 





N,(d,t) = ES,(d,t), 
where N1 is the number of neutrons in the orbit 
of spin j as determined from the (d,p) or (d, t) 
reaction data. The N,'s deduced from Table X are 
presented in Table XI. In order to relate N1 (d,p) 
to N,(d,t), recall the definition of the S factors in 
terms of the usual orbital occupation parameters 
U 2 and V 2 : 




ES,(d,t)= (2j+ 1)v,2 . 
Substituting Eq. (3) into Eq. (2), one obtains the 
expected result N,(d,p)=N,(d,t). 
Formally this in incorrect, since ES(d,p) is  
equal to U 2 for the target nucleus of the (d,p) 
reaction, of mass A - 1, whereas. ES(d, t) is re-
lated to V 2 for the (d, t) target of mass A + 1. 
However, away from closed shells, this is a minor 
effect and one expects the equality An N values to 
hold approximately. Large empirical inequalities 
are therefore physically interesting. 
If 
N,(d,p)>N,(d,t) 
it suggests that states of spin 5 have been missed 
since Eqs. (2) and (3) show that as more spin j 
states are found, N, (d,p) decreases and N1 (d,t) 
increases. Of course, small inequalities are ex-
pected since one always investigates a finite range 
of excitation energies and there is the possibility 
of missing weak transitions. 
Conversely, if 
N,(d,p)<N,(d,t), 
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it suggests that some states have been incorrectly 
assigned spin j. 
Table XI shows that the N,(d,p) and N,(d,t) val-
ues for j = are quite close to one another. For 
the rather high-lying d312 orbit, it is certainly ex-
pected that not all the strength is identified and it 
is, therefore, not surprising that N312 (d,p) 
+N512 (d,p)>N312 (d,t)+N512 (d,t). Furthermore, 
note that, from Eq. (2), for 2S,(d,p) values near 
unity the uncertainties in the corresponding N1 (d,p) 
values can be large. Nevertheless, for either 
(d,p) or (d, t) alone, the entries in Table XI vary 
only slightly from one nucleus to another. 
For the 91/2  orbit, N, 1 , for "'Pd is ingoodagree-
ment with the values for Ru. More importantly, 
N712 (d,p)>N712 (d,t) for 103Ru and 109Pd. These re-
sults suggest a consistent and smooth pattern of 
9712 orbit filling in this mass region as well as the 
not-unexpected- result-that-some 9712 strength re 
mains to be found at higher excitation energies. 
However, the N712 values for 107  Pd are now 
unique in that N712 (d,p) is less than N712 (d,t). As 
shown above, this perhaps suggests a misassign-
ment in 107  Pd; the most likely candidate is the 367 
keV state whose previous j- assignment relies 
partly on an 1=4 (d, t) transition with uncharacter-
istic angular distribution. The removal of the 
assignment for the 367 keV level would change the 
•S(d,p) and S(d, t) entries for 107Pd in Table XI to 
0.26 and 2. 78, respectively, bringing these num-
bers [and corresponding N712  values) into consis-
tency with the results for other neighboring nuclei 
(see Tables X and XI)]. On the other hand, if the 
- assignments in ' °7  Pd ar  correct, this nucleus 
now would be the only one in this region 37-44 (com-
prising 113,115  Ru, 101,103,105,107,109  Pd, 11 Cd, 
111,113,115,117,119,121,123 Sn) that would have two strong- 
ly populated low-lying - states. The firm deter- 2 
mination of level spins in 107  Pd must now be con-
sidered a matter of renewed interest since frag-
mentation of the 1 = 4 strength would suggest that 
new degrees of freedom, even at low excitation 
energies, are important in this region. 
The original g712 -h1112 anomaly had two facets, 
the apparent emptiness of the 9712 orbit in the Pd 
region compared to the Sn nuclei and the apparent-
ly greater occupation of the h 1112 than the 9712 
orbit. The above discussion largely resolves the 
first point. The present data themselves shed no 
new light on the second, or h1112 part of the anom-
aly but the entries in Table XI do shed light. The 
essential point is that throughout this region 
N1112 (d,p) >>N1112 (d,0. 
From the above discussion, this simply suggests 
that LL levels with significant single particle am- 2 
plitudes exist at higher excitation energies than 
are probed by the existing (d,p) and (d,t) studies. 
The identification of such states would reduce 
N11 , 2 (d,p) and increase N1112 (d,t). The fact that, 
for each reaction alone, the current values for 
N1112 are nearly constant for the nuclei of Table 
XI implies a similarity in structure of the lowest-
lying 4L  state in each nucleus and perhaps a sim - 
ilar pattern of higher energy 	fragmentation. 
The calculations of Ref. 9 support the hypothesis 
of higher-lying h1112 strength in this region. 
B. Negative- (unique-) parity states 
The family of negative-parity levels between 
189 and 1359 keV is of considerable importance. 
These levels are low lying (all but one below 1 
MeV) and therefore cannot correspond to the cou-
pling of positive-parity single particle states with 
negative parity (e.g., 3 or 5 states) of the even- 
- - even Pd core since the latter only occur above 
-2 MeV. Similarly, they are too low in energy to 
contain significant amplitudes for the negative -
parity single particle states from the N= 82-12 6 
shell. They must therefore be predominantly 
unique-parity levels constructed by coupling an 
h1112 neutron to the low-lying positive-parity ex-
citations of the core. As such, they form an 
isolated family, even though they have low spin. 
Furthermore, they are therefore related to the 
high-spin unique-parity levels in the lighter Pd 
isotopes which form the yrast sequences observed 
in heavy-ion reactions, and which are intimately 
related to the nature and interpretation of back-
bending in adjacent even-even nuclei. 
In the Nilsson model with Coriolis mixing, for 
the case of the Fermi surface near the low-K 
unique-parity orbits, the structure of such se-
quences of states is that of a decoupled particle 
combined with a core rotation whose angular mo-
mentum vector is generally parallel to that of the 
odd particle. This alignment results directly from 
the action of the Coriolis force and is therefore 
strongest for moderately deformed nuclei where 
the Coriolis coupling constant i1/2 9 is large. The 
result is the development of an approximate cou-
pling scheme, called rotation aligned, 4 in which 
the rotational angular momentum (R) of the core 
is an approximate constant of the motion. This 
structure gives rise to rotational bands whose 
successive members differ by two units in the core 
rotation and whose spin sequence is therefore 
J= 2 with energy spacings approximating those of 
the adjacent even-even core nucleus. Despite the 
apparent success and general acceptance of these 
ideas and their frequent use as a framework for 
the interpretation of high-spin states, one would 
like to have further tests of these concepts since 
the existing ones invariably center on the high- 
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spin states for which they were designed. As em-
phasized by Rekstad and coworkers, ' °45 ' 46 such a 
test might fruitfully involve the low-spin, anti-
aligned levels with the same parentage as the 
aligned high-spin states. As with the aligned 
states the low-spin levels may be either favored or 
infavored. By favored is meant those levels of 
the J=j®R coupling for which J= Ij±RI, that is, 
states with maximum parallelism or antiparallel-
ism of j and R. The unfavored levels are all the 
other states of the j ØR system. Note that an un-
favored level of the same spin as a favored level 
requires a higher core angular momentum and, 
therefore, should occur at higher energy. Note 
also that some low-spin levels will have R >j. A 
test including these anti-aligned state is now pos-
sible with the negative-parity levels disclosed in 
' °9Pd. It is important to emphasize that these 
levels occur on the same footing in the Nilsson 
model as the high-spin levels. They have com-
parably high R values. For example, in the ex-
treme weak coupling or rotation aligned pictures, 
'2 	'2 	'2 	11/2 13/2 15/2  
both the and - favored levels have R= 6 and 
the favored and 	levels equally have R= 4. 
Furthermore, being of unique parity, the low-
spin states are just as isolated as the high-spin 
yrast levels and, in fact, perhaps even more so 
since in practice they lie somewhat lower in energy 
than the high-spin levels with the same R values 
and since there are fewer of them. For example, 
there are only two and one levels in the 
unique-parity basis as compared with six - and 
six 	states. 
The sequences of aligned and anti-aligned levels 
naturally fall into categories depending on the 
degree of parallelism. Furthermore, as shown 
by LØvh$iden  and Rekstad,' ° each family has a 
roughly parabolic dependence of energy on spin. 
Rekstad et al.45 have introduced a useful format, 
elegantly summarized in Ref. 46, for displaying 
these states by plotting their energies vs a projec-
tion of total spin j on j instead of along A. This 
yields the symmetric parabolas shown in Fig. 10 
where each is labeled by an index n relating to the 
17/2 19/2 21/2 23/2 25/2 27/2 
R=O 
'2 —' _l/2 	1/2 	'2 	2 	'2 	 1112 
	13/2 15/2 	17/2 19/2 21/2 23/2 
(j—R+n) ( j + R — n ) 
FIG. 10. States formed by an h 11 1 2 particle and a symmetric rotor core in the extreme weak coupling limit. All 
states with the same core rotational angular momentum (B) are degenerate in energy. The abscissa is a projection of 
the total angular momentum (ir) onto the particle angular momentum (j). Spins are explicitly noted at the intersection 
of the straight line denoting the core rotational energy EaR (R + 1)] and each of the parabolas. For an h 11 1 2 particle 
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angle between R and T. [Figure 10 is constructed 
via a weak coupling picture with R(R + 1) core 
spacings in the limit of no coupling between parti-
cle and core. More realistic situations are dis-
cussed below.] The allowed states occur for inter-
sections of the parabolas at half-integer abscissa 
values with the horizontal lines corresponding to 
the energies of core rotations. For aligned states, 
and for anti-aligned ones with R <j, the level spins 
are given by the abscissa value. The spin sequence 
along a parabola is A J= 2 except that, once on each 
parabola, when R is antiparallel to j and changes 
from <j to >j, there is a jump of iJ= 1. Thus, 
for anti-alignment and R >j the level spin is not 
given by the abscissa value. 
The unique-parity levels found in this study are 
extracted from the full level scheme and sum-
marized in Fig. 11. In the context of the rotation 
aligned scheme as outlinedabove, -the 	first - 
first, and  levels form the &T=2 (the levelcor-
responds to the A J= 1 jump at R>j) favored anti- 
FIG. 11. Negative-parity levels observed in ' ° Pd. 
Relative 7-ray intensities have been normalized so 
that 1245  100. The underlined J' assignment for the 
1359 keV state is the preferred value.  
aligned sequence (n= 0 parabola). The -, first 
4, and second levels belong to the n= 1 para-
bola and the second 	and second levels are 
from the third (n =2) parabola. The levels with 
J< form the complete set of low-spin states 
expected for the odd particle in the h 1112 orbit (ex-
cept for an expected high-lying level withR = 8). 
This is the first time that such a complete set of 
anti-aligned levels has been observed. Note par-
ticularly that three of the levels, the 2 , second 
, and second 52  states have R >j, the first time 
any such levels have been disclosed in medium or 
heavy mass nuclei. 
The fact that the full set of expected low-spin 
levels is found is indeed satisfying, but at the 
same time one immediately notes discrepancies 
with the simple model outlined above and in Fig. 
10. First, one expects enhanced E2 cascade 
transitions along a parabola (these correspond to 
1? =2 changes in core rotation) and Mi transitions 
between states with A J=±1 and the same R value. 
Transitions between parabolas which also change 
the R value should be very weak, and changes in 
R of more than two units should be forbidden for 
E2 transitions. Some of the observed transitions 
agree with these predictions, such as the 428 keV 
E2 transition from the lowest level at 673 keY 
to the 	state at 245 keV or the - Ml  transi- 
tions of 336 and-333 keV. However, transitions 
such as the two A R =4 (with change in n also) 
transitions (941 (22 - ) - 245(-) keV and 604 () 
- 245(-) keV] are surprising as is the strength 
of the 1359( 21- ) - 604(r) keV transition, which is 
An= 2 with no change in R, and the strength of 
the 1359(i)— 339(r) keV transitions with changes 
in both R and degree of alignment. Furthermore, 
it is immediately evident that the energy spacings 
are seriously at variance with the simple predic-
tions of Fig. 10. For example, the three R=6 
states (1359, 941, 604 key) should have been de-
generate. Also, while the R= 6 to R= 4 core 
spacing in 108Pd is 700 keV which is reasonably 
close to the 1359-673 and 941-339 keV spacings, 
the 604-339 keV distance is quite different. Fi-
nally, the R=4—R=2 spacings (673-245 keV and 
339-287 key) should have been equal. Clearly, 
then though all the required states appear to be 
present, their wave functions must be significantly 
perturbed relative to the pure I JJR) wave functions 
of Fig. 10. 
In practice, of course, -one is not limited to the 
extreme situation in Fig. 10. As noted above, that 
figure is effectively constructed from a weak 
coupling picture with R(R + 1) core spacings and in 
the limit of no coupling, whereas practical cal-
culations of rotation-aligned-like spectra are 
usually performed in the basis of the Nilsson mod- 
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el with Coriolis coupling. Such Nilsson model 
calculations, in fact, have already been success-
fully applied by Smith and Rickey9 to the high-spin 
aligned h,, / , (D rotor states observed 5-7  in 
101,103,105 Pd. The calculations employed the usual 
Nilsson model with a deformation of 5=0. 12 and 
a modified VMr 7 prescription to simulate nonrotor 
anharmonicities in the core spacings. These 
Coriolis calculations utilized a constant matrix 
element attentuation factor of a= 0.8. The ex-
cellent agreement obtained for 105 Pd (the isotope 
with the largest number of observed unique-parity 
states) is reproduced in Fig. 12. It is seen from 
Fig. 12 that parabola-like curves and, as given in 
Ref. 9, rotation-aligned wave functions result from 
a Nilsson model Coriolis calculation when the Fer-
mi surface is at the low-K orbitals of the unique -
parity shell model orbit. Inasmuch as the rotation 
aligned approximation appears to work rather well 
here, the discrepancies (noted above) with the 
limiting version of it for the 109Pd levels are dis-
turbing. If these discrepancies persist in the re-
sults of detailed calculations, they would consti-
tute a significant difficulty since, as noted, the 
low-spin levels in "Pd occur on exactly the same 
footing as the high-spin levels. 
To pursue this question, we have performed 
Nilsson model Coriolis coupling calculations, 
patterned exactly after those of Ref. 9, for the 
h1112 ®rotor system in ' °'Pd. A deformation 
parameter 6=0. 15 was used and the Fermi surface  
was placed at the 12 - [5411 orbital. (This Fermi 
surface gave a calculated spectroscopic factor for 
the Ll-•  state in agreement with the experimentally 
observed value.) The basis states were the six 
isolated h1112 Nilsson orbitals (ic=0. 066 and p. 
= 0. 35). As in Ref. 9, a constant attentuation 
factor (a=  0.8) was applied to each Coriolis ma-
trix element. Calculated energies were nor-
malized to a value 01189 keV for the lowest-lying 
state. The best results were obtained for the 
modified VMI parameter C =2 x 107 keV . 
However, as already recognized in Ref. 9, the 
variable moments of inertia used for the low-spin 
states are not unambiguously defined. In Ref. 9 
and in the present calculation, they were deduced 
by extrapolation from those for the high-spin 
levels. However, if indeed the variations in ef-
fective inertial parameters are due to the effects 
of rotation, which are similar in low- and high-
spin unique-parity states, an alternate prescrip-
tion might be to use moments of inertia which 
vary symmetrically for spins greater and less than 
that is, to take the inertial parameter as a 
function of R rather than J. However, this is also 
not completely realistic since it assumes a weak 
coupling model characterized by pure R values. 
In practice, several R values contribute to each 
state, and a larger range of R values contributes 
to a high-spin than to a low-spin level. Thus, for 
example, even though I J— -=4 for both the 
and Q  levels, R values of only 4 and 6 may con- 
	
-1/2 	3/2 7/2 	11/2 15/2 19/2 23/2-5/2 -1/2 3/2 7/2 11/2 15/2 19/2 23/2 
(j-R+n) 	 (j+R-n) 	(j-R+n) 	 (j +R- n) 
ANTI-ALIGNED 	ALIGNED 	 ANTI-ALIGNED 	ALIGNED 
FIG. 12. Comparison of experimental (solid symbols) and calculated (open symbols) excitation energies for 105. 109Pd 
For large differences the corresponding experimental and calculated points are connected with a vertical line. The 
spin of a state is given by its abscissa except as explicitly labeled for anti-aligned states with R >j. Values for 105 Pd 
are from Ref. 9. 
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tribute to the 	state (for this discussion we mo- 
mentarily take the Nilsson wave functions as pure 
1i. states) while R=4, 6, 8, 10, 12, and 14 may 
contribute to the - level resulting in a slightly 
larger value for (R). 
None of these prescriptions, of course, is for-
mally correct in that the variation of the inertial 
parameter is derived from the final perturbed 
states and applied to the unperturbed states, and 
not derived from the structure of the initial un-
perturbed states entering the Coriolis calculations. 
Therefore, perhaps the best prescription would be 
one based on the actual distribution of R values in 
the unperturbed Nilsson wave functions. (For a 
more complete discussion of this approach and its 
inherent pitfalls, see Ref. 9.) 
In any case, these questions, while of interest, 
- ultimately have little impact on the qualitative 
conclusions, since in any practical calculation the  
adoption of a prescription for the inertial parame-
ters is followed by an attempt to fit the empirical 
levels in which other parameters, in particular 
the Coriolis attenuation factors, are varied. 
Since the different inertial parameter prescrip-
tions correspond, in effect, to an approximate 
scaling of one factor in the Coriolis coupling 
strength for the low-spin states, one is effectively 
forced to alter the attenuation factor to partly 
compensate for different coupling constants. Thus, 
the best fits under each prescription, though dif-
fering in detail, are very similar in overall as-
pect. 
This is shown, for example, in the left part of 
Table XII in which the empirical excitation ener-
gies for '°°Pd are compared with calculated val -
ues for two prescriptions: Calculation I in which 
the rotational parameters for the unperturbed low-
spin states were deduced by extrapolation as a 
TABLE XII. R-component probabilities for calculated levels in 109Pd. a 
E0  (key) Probability of final state R-component (R 10)0 
J Exp. Cate. Ib  Cate. 11b R=0 2 4 6 8 10 
Favored (n = 0) states 
- 1359 1393 1278 ... 0.005 0.090 0.905 
23 2019 1271 •.. ... .. 	. 0.896 0.093 0.005 
673 673 668 0.003 0.081 0.909 0.007 
1190 752 ... 0.879 0.111 0.004 0.004 
. 245 190 269 0.051 0.930 0.011 0.006 0.002 
15 ... 559 372 0.833 0.156 0.004 0.004 0.002 
z' 189 189 189 0.629 0.344 0.020 0.003 0.003 0.001 
Unfavored (n= 1) states 
941 1551 1347 . 	. 	. 0.004 0.081 0.915 
2073 1475 •. .. 	. ... 0.764 0.221 0.015 
339 654 675 ... 0.052 0.932 0.016 
17 1285 986 ... ... 0.695 0.280 0.025 
287 444 514 0.002 0.703 0.282 0.013 
710 	645 	. 	0.533 	0.406 	0.060 	0.001 
Unfavored (a = 2) states 
604 	1510 	1360 	... 	0.001 	0.074 0.910 	0.015 
2439 	1902 	 ... 	0.003 0.616 	0.328 	0.020 
645 	1014 	1026 	 0.038 	0.888 0.070 	0.004 
1655 	1424 	... 	0.061 	0.477 0.418 	0.041 	0.001 
a For details of how R-component probabilities are calculated see Ref. 9. 	Pairs of states 
are grouped according to their dominant R-component. 
Calculation I uses a spin dependent extrapolation of inertial parameters and Calculation 
11 bases these quantities on the R structure of the unperturbed Nilsson states (see text). 
C  R components for Calculation I. 	 - 
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function of spin [see Eq. (19) in Ref. 91 and Cal-
culation II in which an effective moment of inertia 
for each unperturbed state was obtained by sum-
ming the product of the amplitude for each R value 
in the Nilsson wave function and the variable mo-
ment of inertia for that R in the ' 08Pd core. To 
obtain a fit comparable to that of Calculation I a 
somewhat unrealistic attenuation factor of unity 
was required in Calculation H. As is evident 
from the table the two calculations are similar for 
the experimentally known states and exhibit the 
same serious discrepancies with the data (see be-
low). It is also of note that the calculated dis-
tributions of R values in the two sets of calculated 
wave functions for the final states are nearly 
identical. The effect of these various attempts 
to realistically represent the moments of inertia 
for levels with J< LL is to give a similar, nearly 
constant value of h2  /29K for each K. Thus, a 
Coriolis calculation using a constant rotational 
parameter 0140 keV and a=0.9 also gives results 
comparable to Calculation I. 
The right-hand side of Fig. 12 compares the re-
sults of Calculation I with the empirical excitation 
energies using the format of Rekstad et al.45 ' 46 
Table XII lists the probabilities for R components 
(R 10) which are present in the calculated wave 
functions. To facilitate comparison in Table XII 
the states are grouped according to degree of 
alignment (using the convenient quantity n) and 
then as pairs, corresponding to the same dominant 
R value. Thus, for n=0, the pairs of states rep-
resent the maximum anti-aligned and aligned 
states for a given R. It is seen from Table XII 
that the Nilsson model Coriolis coupling calculation 
results in wave functions representative of states 
in a rotation aligned scheme, e.g., probabilities 
of -0. 9 for a single R value for the favored states 
(n=0). In fact, the degree of parallelism of 
and R is even greater than at first appears for the 
anti-aligned states because the low-R components 
(e.g., R=0, 2 amplitudes in the and 	states) 
must arise from full alignment of R with small 
j <- components in the predominantly h1112 Nilsson 
wave functions, whereas R values greater than 
— in the high -spin favored states can arise 
from partial nonalignment. For states that are 
not fully aligned or anti-aligned, the dominant R-
component probability is seen to be even greater 
for the low-spin (anti-aligned) states than for the 
high-spin (aligned) states. This concentration in 
R space is due in part to the aforementioned fewer 
number of low-spin than high-spin unique-parity 
levels. 
It is immediate evident from Fig. 12 that there 
are serious disagreements. Although the favored 
levels (n=0 curve) are accurately predicted, the  
unfavored levels occur much lower in energy than 
given by the calculations and more compressed 
as well. In particular, one notes that there are 
three pairs of states with the same spin (, , i.) 
In each pair the empirical (calculated) separations 
are (in keV) 268(878), 265(856), and 400(824). 
Overall, the discrepancies are as large as -1 MeV 
for the unfavored states compared with agreement 
to within an average discrepancy of 30 keV for the 
favored states in ' °9 Pd and 65 keV for the favored 
states in ' 05 Pd. 
As noted earlier the observed v-ray transitions 
and their intensities differ appreciably from those 
expected for a weak coupling limit. Therefore, 
the parameters of Calculation I were used to cal-
culate the intensities of the intraband E2 and Mi 
transitions within the framework of the Nilsson 
model with Coriolis coupling. Unfortunately, the 
comparison between calculated and observed re-
sults is limited by the fact that the multipolarities 
of the higher energy transitions were not measur-
able. For transitions of known multipolarities 
the calculated dominant multipolarities are in gen-
eral agreement with the experimental results. 
For example, the 336 keV 	- ) transition is 
calculated and measured to be Mi, and the 94 keV 
( - i-- ) transition is calculated and measured to 
be mixed Ml/E2. For the 604 and 673 keV levels 
the intensity ratios agree with the empirical ones 
to within a factor of 6 in each case. The 685 keV 
Y ray depopulating the 1359 keV level is calculated 
to be predominantly E2, so ratios of B(E2) values 
are considered for this level, with agreement to 
within a factor of 3 of the experimental results. 
For the 941 keV level the agreement between cal-
culated and experimental results is poorer. The 
601 and 267 keV transitions are calculated to be 
strongly and comparably mixed M1/E2, with the 
601 keV transition 50-80 times more intense com-
pared to a factor of -8 experimentally. The cal-
culated ratio of v-ray intensities for the 336 key 
(Ml) and 695 keV (E2) transitions is -3000. How-
ever, if an E2 enhancement of -100 (see below) is 
included this ratio becomes -30, in reasonable 
agreement with the empirical value of 10. 
Empirical data4849 on hindrance factors in 
can be used to estimate the completeness 
of the level scheme for the lower-lying negative-
parity states, where one might expect a strong 
56 keV E2 transition between the - (245 keY) 
and .L (189 key) levels. For ' °3Pd and ' 05 Pd the 
hindrance of El transitions depopulating the 
levels is found to be 4 x iO and 8 x io, respec- 
tively. In ' 05 Pd the 	- 	transition is enhanced 
by -100. If an El hindrance of 6x10 4 and an E2 
enhancement of 100 are assumed for ' °°Pd, the 
Weisskopf estimate for the v-ray intensity ratio 
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for the - ground state transition and the un-
observed 	- - transition is 270, or an absolute 
y-ray intensity of 0. 6 photons/1000 neutron cap-
tures for the unobserved 56 keV y ray. An at-
tempt was made to observe low energy y rays with 
a thin intrinsic Ge detector. No 56 keV y ray was 
observed for an estimated detector sensitivity of 
-1.5 photons/1000 neutron captures. When cor-
rected for internal conversion, the calculated E2 
intensity is -6 photons/1000 neutron captures, a 
value consistent with the observed population and 
depopulation intensities of the 	level. 
The major discrepancies revealed thus far 
between the particle-rotor model and the data cen-
ter on the level energies. These discrepancies 
are not an accident of the parameter values used 
in the calculations but are inherent in the model 
since they stem directly from the large Coriolis 
matrix elements. This is most easily seen for 
the twostates. In a two state mixing calcula-
tion the minimum final separation is twice the in-
teraction matrix element and thus, with an un-
attenuated Coriolis matrix element of -500 keV, 
these two states must be calculated to be _>1 MeV 
apart, independent of their initial separation. The 
• only recourse to lessen this separation, within the 
context of the model, is to attentuate the matrix 
element. However, with an empirical separation 
of 268 keV, it is clear that an attentuation factor of 
c 0.25 would be required. However, this is 
completely unacceptable since it gives poor overall 
agreement for the rest of the negative-parity 
levels. In fact, the lowest lying of these would 
then be the , not the .- level which then occurs 
above both levels. This is, of course, not un-
expected since L$vhøiden  and Rekstad'° have shown 
that the spin of the lowest-lying state in a rotation-
aligned picture is given approximately by J 
a[j(j + 1)- 1/2] 112 . 
The Nilsson model implicitly assumes an ex-
tremely truncated basis, namely that obtained by 
coupling the odd particle to a pure rotor or, in 
other words, to the ground state rotational band in 
the adjacent even-even nucleus. On the other 
hand, as noted above, rotation-aligned sequences 
of states are expected preeminently in weakly 
deformed nuclei and it is in just these nuclei where 
the pure rotor assumption is most suspect. One 
should, therefore, expect both that anharmon-
icities in the (quasi) ground band and that other 
degrees of freedom may play important roles. 
The use of the VMI prescription in the above cal-
culations represents an attempt to include anhar-
monicities but without enlarging the basis. One 
common way to extend the basis has been to in-
clude axially asymmetric core shapes. In effect, 
this admits degrees of freedom associated with 
the (quasi) y vibration and has proved to be an es-
sential ingredient 50 in successful particle-rotor 
calculations in the A = 180-200 region. 
We have, therefore, performed calculations 
using a triaxial (rigidly asymmetric) core with 
the code ASQROT written by J. Meyer- ter-Vehn. 5 ' 
The calculations were performed for several val-
ues of the deformation parameter 13 (j3 1. 066) 
in the range 0. 15-0.35, including the values which 
would be obtained from the energies of the first 
2 states in the adjacent even-A Pd nuclei. The 
Fermi surface was placed at the -1 - [541] Nilsson 
orbital for direct comparison of results with the 
previous calculations. 
The calculations lead to plots similar to those 
in Ref. 51. From them we have extracted the en-
ergy differences between the lowest twoand 
lowest two states. The results are plotted in 
Fig. 13 for two different deformations. One sees 
that the introduction of asymmetry is of essential-
ly no help. Even for the unrealistically large 
deformation of 13=0. 31 the separations remain 




FIG. 13. The energy separation (/.E,) between states 
of the same spin 	as calculated for an h 11 12 neutron 
coupled to an asymmetric core with 13=  0.22 and P 
= 0.31. For A=109 the dashed curve corresponds to 
PA 	 and the solid curve 13A2"3=7. 
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At y -30°, though the f separation drops to -400 
keV, the separation in the states is >1 MeV. 
For more reasonable (smaller) deformations than 
shown the separations are still larger. 
It therefore appears that there are more serious 
difficulties with the particle-rotor model. Whether 
these could be removed by the introduction of fur-
ther degrees of freedom is currently unclear, as 
are the questions of whether it is primarily the 
unfavored levels that are susceptible to such 
refinements or if the difficulty somehow, unex-
pectedly, centers on the low-spin states, or wheth-
er the usual agreement for high-spin aligned states 
is perhaps fortuitous. If nonground band core am-
plitudes are, in fact, important, they would lead 
to the presence of additional low-spin negative-
parity levels, the search for which might provide 
a sensitive probe. The only likely candidate among 
the levels in Fig. 8 would seem to be the 1134 keV 
level which does seem to preferentially feed 
the unique-parity sequence of states. Preliminary 
calculations ,52  reported elsewhere, suggest that 
one can account for the empirical negative-parity 
levels in the framework of the newly developed in-
teracting boson approximation for odd mass nu-
clei. 53 A full and proper discussion of this, how-
ever, is best reserved for a subsequent publica-
tion. 
IV. SUMMARY 
A thorough study of the (n, y) and (n, yce) reac-
tions on 108  Pd has been made to determine level 
spin parities in ' 09Pd. A number of J° values 
have been more firmly established and important 
discrepancies with earlier work have emerged. 
The new spin values have been used to obtain 
revised spectroscopic factors and spectroscopic 
factor sums in "Pd. As a result the study has 
suggested a resolution of the g712 -h 1112 anomaly 
for the 109 Pd by demonstrating previous misas-
signments for several levels. ' 07 Pd now stands 
alone in this region in exhibiting an unusually 
empty g712 orbit and two strong low-lying 
states. Our discussion suggests that one of these 
assignments may be incorrect or incomplete 
'e. g., corresponds to an unresolved doublet in the 
charged particle spectra). The apparent fullness 
of the h 1312 orbit in the Ru and Pd nuclei is most 
likely an artifact of the existence of undetected 
levels at higher excitation energies. 
The present work also discloses a family of 
unique-parity low-spin states built upon the 
state at 189 keV. In the context of a particle plus 
rotor description, these states correspond to the 
anti-alignment of the angular momentum of an 
h 1112 particle with the rotational angular momen-
tum of an even-A rotor and are thus the low-spin 
counterparts of the high-spin states populated in 
heavy-ion reactions. This is the first time that 
such a full set of favored and unfavored anti-
aligned levels, including three with R>j, has been 
observed. Since a Nilsson model Coriolis coupling 
calculation has successfully reproduced high-spin 
states of this type in the A 100 region and can 
lead to rotation-aligned spectra, it should be able 
to also describe the low-spin states. It is found 
that this model is unable to reproduce the energies 
of the unfavored states. Furthermore, introducing 
extra degrees of freedom in the core via an asym-
metric rotor does not improve the description. 
Contrary to the situation for normal-parity 
Levels, unique-parity states are equally isolated 
regardless of whether they have low or high spin. 
One therefore expects the particle-rotor model 
to work as well for low- as for high-spin states. 
Thus, the present results suggest that unless and 
until it is understood whether the difficulties en-
countered reveal a general problem with the par- 
ticle-rotor model or whether there is indeed some 
as yet unrecognized property that localizes the 
discrepancies in the low-spin states, one should 
exercise renewed caution in assessing the ap-
parent success the particle-rotor model seems to 
enjoy in generating rotation-aligned spectra for 
the subset of high-spin aligned levels usually ob-
served. They further argue strongly for addition-
al efforts to observe other sets of low-spin anti-
aligned states in order that the expanded syste-
matics so generated will reveal more completely 
the extent, in spin, excitation energy, and nucleus, 
of the discrepancies with the particle-rotor 
scheme and perhaps lead to a resolution of the dif-
ficulties either by illuminating the limitations of 
the model or by suggesting refinements in it. 
ACKNOWLEDGMENTS 
We are grateful to Doctor F. A. Rickey and 
Doctor H. A. Smith for numerous valuable discus-
sions and in particular to the former for discus-
sions of the VMI prescriptions for low-spin states 
and to both for providing the computer code 
CORCUP. We also thank J. Meyer-ter-Vehn for 
providing the code ASQROT. We acknowledge 
useful discussions with Dr. D. D. Warner. This 
work was performed under Contract No. EY-76-
C-02-0016 with the Division of Basic Energy 
Sciences, U. S. Department of Energy. 
96 	 R. F. CASTEN et al. 	 21 
*present address: United Kingdom Atomic Authority, 
Cheshire, England WA3 GAT. 
tPresent address: Universitlit Ulm, 7900 mm, West 
Germany. 
Present address: Los Alamos Scientific Laboratory, 
Los Alamos, New Mexico 87545. 
1B. I. Cohen, J. B. Moorhead, and B. A. Moyer, Phys. 
Rev. 161, 1257 (1967). 
1R.  C. Diehl, B. L. Cohen, R. A. Moyer, and L. H. 
Goldman, Phys. Rev. C!,  2086 (1970); Phys. Rev. 
180, 1210 (1969). 
Cohen, R. A. Moyer, J. B. Moorhead, L. H. 
Goldman, and B. C. Diehl, Phys. Rev. 176, 1401 (1968) 
4 F. S. Stephens, R. M. Diamond, and S. G. Nilsson, 
Phys. Lett. 44B, 429 (1973); F. S. Stephens, Rev. Mod. 
Phys.47, 43(1975). 
5 P. C. Simms, G. J. Smith, F. A. Rickey, J. A. Grau, 
J. R. Tesmer, and R. M. Steffen, Phys. Rev. C 9, 
684 (1974). 
6J. A. Grau, F. A. Rickey, G. J. Smith, P. C. Simms, 
and J. B. Tesmer, Nucl. Phys. A229, 346 (1974). 
7F. A. Rickey, J. A. Grau, L. E. Samuelson, and P. C. 
Simms. Phys. Rev. C 15, 1530 (1977). 
8W. Klamra and J. Bekstad, Nucl. Phys. A258, 61 
(1976). 
911. A. Smith, Jr. and F. A. Rickey, Phys. Rev. C 14, 
1946 (1976). 
10G. Uvhftden and J. Rekstad, Phys. Lett. 60B, 335 
(1976), and references cited therein. 
11 T. L. Khoo, F. M. Bernthal, C. L. Dors, M. Piipar-
men, S. Saha, P. J. Daly, and J. Meyer-ter-Vehn, 
Phys. Lett. 60B, 341 (1976). 
12H H. Given, B. Kardon, and H. Seyfarth, Z. Phys. 
A287, 271 (1978). 
Mughabghab, W. R. Kane, and R. F. Casten, in 
Nuclear Structure Study with Neutrons, proceedings of 
a conference in Budapest, Hungary, 31 July-5 August, 
1972, edited by J. Erb and J. SzUcs (Hungarian Aca-
demy of Sciences, Budapest, Hungary, 1974), p.  484. 
'4G. J. Smith, R. F. Casten, M. L. Stelts, H. G. Bör-
ner, W. F. Davidson, and K. Schreckenbach, Phys. 
Lett. 86B, 13 (1979). 
15F. E. Bertrand, Nucl. Data Sheets 6, 1 (1971), and 
references cited therein. 
16G Franz, Annual Report, University of Mainz, 1975. 
17M. Kanazawa, S. Ohya, T. Tamura, Z. Matumoto, and 
N. Mutsuro, J. Phys. Soc. Japan, 25 (1978); 
P. Fettweis and P. del Marmol, Z. Phys. A275, 359 
(1975). 
18r B. Kane, D. Gardner, T. Brown, A. Kevey, E. der 
Mateosian, G. J. Emery, W. Gelletly, M. A. J. Mans-
cotti, and I. Schröder, Proceedings of the Interna-
tional Symposium on Neutron Capture Gamma Ray 
Spectroscopy, Studsvik, August, 1969 (International 
Atomic Energy Agency, Vienna, 1969), p. 105. 
19Neutyon Cross Sections, compiled by S. F. Mughab-
ghab and D. I. Gerber, Brookhaven National Labora-
tory Report No. BNL-325 (National Technical Infor-
mation Service, Springfield, Virginia, 1973), 3rd 
edition, Vol. 1. 
20F E. Bertrand, Nucl. Data Sheets 23, 229 (1978), and 
references cited therein. 
21N C. Rasmussen, V. J. Orphan, Y. Hukai, and T. In-
ouye, Nucl. Data A3, 626 (1967). 
22,j E. Rambak and E. Steinnes, private communication. 
23M. L. Stelts and B. E. Chnien, Nuci. Inst. and Math. 
155, 253 (1978); B. C. Greenwood and B. E. Chrien, 
Nuci. Instrum. Methods 138, 125 (1976). 
24H Börner et al., in Proceedings of the Second Inter-
national Symposium on Neutron Capture Gamma-ray 
Spectroscopy and Related Topics, Petten, The Neth-
erlands, 1974, edited by K. Abrahams et al. (Energy 
Centrum Nederland, Petten, The Netherlands, 1975), 
p. 691; H. B. Koch, JUL Spez-10, KFA Jiilich report, 
1978. 
25 G. Helmer, B. C. Greenwood, and R. J. Gehrke, 
Nuci. Instrum. Methods 155, 189 (1975). 
26W.  Mampe, K. Schreckenbach, P. Jeuch, B. P. K. 
Maier, F. Braumandl, J. Larysz, and T. von Egidy, 
Nucl. Instrum. Methods 154, 127 (1978). 
27R. S. Hager and E. C. Seltzer, Nucl. Data A4, 1 (1968). 
28L. M. Bollinger and G. E. Thomas, Phys. Rev. C 2, 
1951 (1970); Phys. Rev. Lett. 18, 1143 (1967); 21, 233 
(1968). 
29A.-M. Lane and-J. E. Lynn, Nucl. Phys. 17, 586 (1960). 
30J. E. Lynn, The Theory of Neutron Resonance Reac-
tions (Clarendon, Oxford, England, 1968). 
31 A. M. Lane and S. F. Mughabghab, Phys. Rev. C 10, 
412 (1974). 
32S.  F. Mughabghab, R. E. Chrien, 0. A. Wasson, G. W. 
Cole, and M. H. Bhat, Phys. Rev. Lett. 26, 1118 (1971). 
335 F. Mughabghab, in Nuclear Structure Study with 
Neutrons, proceedings of a conference in Budapest, 
Hungary, 31 July-5 August, 1972, edited by J. Erb 
and J. Sziics (Hungarian Academy of Sciences, Buda-
pest, Hungary, 1974), p.  167. 
34S. F. Mughabghab, in Proceedings of the Second 
International Symposium on Neutron Capture Gamma-
ray Spectroscopy and Related Topics, Petten, The 
Netherlands, 1974, edited by K. Abrahams et al. (En-
ergy Centrum Nederland, Petten, The Netherlands, 
1975), p. 53. 
o. A. Wasson and G. C. Slaughter, Phys. Rev. C 8, 
297 (1973). 
36j W. Boldeman, B. J. Allen, A. B. del Musgrove, 
and B. L. Macklin, Nucl. Phys. A246, 1 (1975). 
37H. T. Fortune, G. C. Morrison, J. A. Nolen, Jr., 
and P. Kienle, Phys. Rev. C3, 337 (1971). 
38P. Maier-Komer, P. Gliissel, E. Huenges, H. J. 
Scheerer, H. K. Vonach, and H. Baler, Z. Phys. A278, 
327 (1976). 
39F. A. Rickey, B. E. Anderson, and J. R. Tesmer, 
report. 
40J. B. Moorhead, B. L. Cohen, and B. A. Moyer, Phys. 
Rev. 165, 1287 (1968). 
41 P. E.Cavanagh, C. F. Coleman, A. G. Hardacre, G. A. 
Gard, and J. F. Turner, Nucl. Phys. A141, 97 (1970). 
42E. J. Schneid, Arand Prakash, and B. L. Cohen, Phys. 
Rev. 156, 1316 (1967). 
M. J. Bechara and 0. Dietsch, Phys. Rev. C 12, 90 
(1975). 
44T. Borello-Lewin, C. Q. Orsini, 0. Dietsch, and 
E. W. Hamburger, Nucl. Phys. A249, 284 (1975). 
45J. Bekstad, E. Osnes, and T. Engeland, in Proceed-
ings of the International Conference on Nucl. Struc-
ture, Tokyo, 1977 (Phys. Soc..of Japan, Tokyo, 1977), 
contributed papers, p. 99. 
46T. Pederson and E. Osnes, Nuci. Phys. A303, 345 
21 	 109 Pd: DIFFICULTIES IN PARTICLE-ROTOR MODELS FOR... 	 97 
(1978). 
47M. A. J. Mariscotti, G. Scharff-Goldhaber, and 
B. Buck, Phys. Rev. 178, 1864 (1969). 
48W. Dietrich, B. Nyman, A. Johansson and A. Blicklin, 
Phys. Scr. 12, 80 (1975). 
49C. M. Lederer and V. S. Shirley, Table of Isotopes, 
seventh edition (Wiley, New York, 1978), and refer-
ences cited therein. 
0See, for example, S. K. Saha, M. Piiparinen, J. C. 
Cunnane, P. J. Daly, C. L. Dors, T. L. Khoo, and 
F. M. Bernthal, Phys. Rev. C 15, 94 (1977). 
51J. Meyer-ter_Vehn, Nuci. Phys. A249, 111 (1975). 
52R. F. Casten and G. J. Smith, Phys. Rev. Left. 43, 
337 (1979). 
53 F. lacheilo and 0. Scholten, Phys. Rev. Left. 43, 679 
(1979), and private communication. 
PHYSICAL REVIEW C 	 VOLUME 25, NUMBER 5 
	
MAY 1982 
Energy levels of 249Cm from measurements of thermal 
neutron capture gamma rays 
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The excited levels of 249Cm have been determined by use -of neutron-capture gamma-ray 
spectroscopy. Gamma-ray measurements were made with curved-crystal spectrometers of 
focal lengths 5.8 and 24 in and a pair spectrometer. These experimental data represent the 
first measurement of gamma transitions depopulating the levels of 249Cm. We present evi-
dence for the population of 23 levels in 249Cm up to 1300-keY excitation. The following 
new configuration assignments were made (listed with the corresponding bandhead ener-
gies): +{622],  529.58 keV; --[752], 772.74 keV; +[501],  917.49 keY. Comparison of 
the experimentally determined level structure with theoretical calculations shows best 
agreement with calculations by Soloviev's group where a Woods-Saxon potential form was 
used and quasiparticle-phonon coupling was included. The neutron binding energy was 
determined to be 4713.7 ± 0.3 keY. 
NUCLEAR REACTIONS 248Cm(n,y), E=thermal; measured E7, It., 
L 249 Cm deduced levels, J, ir, Nilsson assignments. 
I. INTRODUCTION 
An extensive body of experimental nuclear struc-
ture data has been collected that demonstrates that 
the mass region 255 >A >225 is comprised of nu-
clei with stable quadrupole deformation. Various 
techniques of experimental nuclear spectroscopy 
have been employed to map the excited levels of 
these nuclei. These data are interpreted in terms of 
single-particle excitations, collective motion such as 
rotation and vibration, and interactions between 
these two distinct modes of nuclear excitation. 1,2 
The nucleus 249Cm is close to the upper edge of a 
region of nuclei where precise nuclear spectroscopic 
techniques can be applied. With increasing mass 
number, the nuclides in this region become more 
unstable, especially toward spontaneous fission, and 
half-lives become extremely short. Level structure 
has not been investigated in very much detail 
beyond about A =251. Either there is insufficient 
target material available to produce heavier nuclides 
or the intense radioactivity of heavy targets makes 
the experiments impractical. 
The 248Cm target material used in our measure-
ments is the product of alpha decay of hundreds of 
milligrams of 252  CL This californium was pro-
duced in relatively large quantities through long-
term neutron irradiations of plutonium at high flux 
levels. As a part of the U.S. national effort to pro-
duce transplutonic elements for research purposes, 
available stocks of 212 C at Oak Ridge National 
Laboratory have been purified and stored to allow 
for alpha decay to 248Cm. The daughter curium is 
periodically separated from the parent 252Cf. Since 
the alpha decay rate of 252Cf greatly exceeds that of 
other Cf isotopes present, the daughter curium is 
largely 248Cm. 
The neutron capture gamma ray spectroscopy fa-
cility at Institut Laue-Langevin is ideally suited for 
the study of targets made of rare materials and with 
low capture cross sections. The intense thermal 
neutron flux at the target position, 5.5x 1014 
neutrons/cm 2 sec, and the high resolution of the 
curved-crystal gamma ray spectrometers and the 
beta-ray spectrometer are the principal features of 
this facility. Even at this neutron flux level, we -still 
25 	2232 	 © 1982 The American Physical Society 
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encountered some experimental limitations owing to 
the low capture cross section of 248Cm, the fissiona-
bility of the capture products, and consequent prob-
lems with both heat dissipation in the target and in-
terference in the gamma-ray spectrum from fission 
product lines. Nevertheless, we were able to apply 
the inherently excellent resolution of the curved-
crystal spectrometers to an investigation of the level 
structure of 249Cm. 
Prior to our measurements, the level structure of 
249Cm had been the subject of two experimental in-
vestigations. Most of the information already 
known comes from a charged particle reaction spec-
troscopy experiment that involved the 
248Cm(d,p) 249Cm reaction .3  In the alpha decay of 
253Cf, only two alpha groups populating levels of 
249Cm have been observed. 4 Our measurements of 
the gamma ray transitions accompanying neutron 
capture provide significant new knowledge of the 
249Cm level structure, 5 especially because transitions 
between levels were not measured in either of the 
previous studies. 
II. EXPERIMENTAL 
The experiments were performed with the GAMS 
1, GAMS 2/3, and pair spectrometers at the high 
flux reactor of the Institut Laue-Langevin at 
Grenoble. All three gamma-ray spectrometers are 
installed at the same through tube and are viewing 
the same target. 
A. Crystal spectrometers 
1. 'Target 
The target material used was 248Cm of high isoto-
pic purity; results of an isotopic analysis are shown 
in Table I. Chemically, it was relatively pure 
Cm02, although we observed some capture gamma  
lines indicating that Sin and Nd isotopes were 
present as minor impurities (at a concentration of a 
few tens of ppm). The target contained 54 mg of 
248 Cm and was fabricated in the form of a rectangu-
lar wafer, 29 x 5 x 0.20 mm, surrounded by alumi-
num as containment material. The overall dimen-
sions of the oxide-aluminum wafer were 
40X6X0.36 mm. This wafer was mounted in a 
graphite holder and was suspended in the center of 
the through tube in the reactor where the thermal 
flux level was 5.5X 1014 neutrons/cm 2 sec. This 
GAMS target configuration is described in greater 
detail in Ref. 6. 
2. Spectrometers 
Secondary gamma rays emitted from this target 
were measured by use of two curved-crystal spec-
trometers, 6 GAMS I and GAMS 2/3. The target is 
viewed end on by the two spectrometers, from op-
posite ends of the through tube. 
GAMS 1 is a 5.8 m, curved-crystal spectrometer 
arranged in Dumond geometry. Gamma rays are 
diffracted by the 110 planes of a 4 mm thick quartz 
crystal. The diffraction angle is measured by means 
of laser-based Michelson angle interferometry. The 
Bragg-reflected gamma rays are detected by a 5 x 5 
cm NaI(Tl) detector. The first five orders of reflec-
tion are recorded simultaneously. With the 248Cm 
target, a resolution described by the equation E 
(keV)=2.2X 10 5E2 (keV)/n was obtained, where n 
is the reflection order; this corresponds to 100 eV 
FWHM at 100 keV when observed in second order. 
This resolution was entirely determined by the tar-
get thickness and was about ten times the best ob-
tainable value. This was due partly to the thickness 
of the target (0.2 mm) and partly to the nonpianar 
character of the wafer. 
The curved-crystal spectrometer GAMS 2/3 has 
a focal length of 24 m, and features two quartz 
crystals which have a common axis of rotation and 
TABLE I. Isotopic composition and capture rates for the 248Cm target. 
Thermal neutron capture 	Fraction of total 
Mass 	Abundance 	 cross section 	 neutron capture rate 
number (at. %) (b) 	 (%) 
243 <0.0003 225.0 <0.018 
244 0.002 10.0 0.005 
245 0.058 343.0 5.39 
246 3.32 1.3 1.12 
247 0.0017 60.0 0.28 
248 96.60 3.6 93.18 
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which diffract to either side of the incident 
gamma-ray beam. The spectrometer is operated so 
that each gamma line is scanned simultaneously on 
both sides of the instrument; thus, one can obtain 
an angle of diffraction, 0=(0I+02)/2, that is in-
dependent of the source position. In this spectro-
meter we obtained a resolution described by the 
equation E (keV)=5.6X 10 6E 2 (keV)/n; this cor-
responds to 170 eV FWHM at 300 keY when ob-
served in third order. This spectrometer was used 
to scan the spectrum in the energy range 100— 1500 
keV. 
Measurements were taken over a 22-d period, 
during which three successive scans of the energy 
ranges of the spectrometers were made. 
Since the reflection coefficient for a quartz crys-
tal decreases for higher orders of reflectivity, only 
the more intense lines are observed in the higher-
order spectra. Nevertheless, the reported transitions 
were observed in several spectra representing vari-
ous orders of reflectivity in separate spectrometers. 
This redundancy provides for good reliability and 
accuracy in the measured energies and intensities 
for each transition. 
B. Pair spectrometer 
Primary gamma rays in the energy range 2-6 
MeV were measured by use of a Ge(Li) pair spec-
trometer which views the target at distance of 17 m. 
This spectrometer consists of a 7 cm  planar Ge(Li) 
detector (FWHM =4.3 keV at E, =6.6 MeY) that 
is surrounded by two 15.2x 10.2 cm NaI(Tl) detec-
tors for detection of the 511 keY annihilation quan-
ta. Several spectra were collected at intervals dur -
ing the 22-d irradiation. Thus, the intensities of 
gamma rays observed with this spectrometer could 
be checked for time dependence over the measure-
ment period. 
III. RESULTS 
The absolute energies of the 249Cm secondary 
gamma lines were calibrated with a selected set of 
44 fission-product gamma-ray energies' (70-900 
keY) which, in turn, were linked to a value of 
411.8042 keY for the 198  Au decay line. 8 Precise en-
ergies and intensities for Cm and Bk K x rays have 
been derived and will be published elsewhere. 9 
Gamma ray intensities of the 249Cm lines were 
derived from the observed peak areas by correcting 
for self-absorption in the target, for absorption in  
the through tube and windows, for reflectivity in 
the quartz crystal, and for detection efficiency in 
the Nal detectors (see also Ref. 6). 
The gamma lines measured by use of the curved-
crystal spectrometers and assigned to 
248Cm(n,y) 249Cm are listed in Table II. 
Since 248  Cm has a relatively low neutron capture 
section, the 248Cm capture rate was essentially con-
stant during the irradiation. The gamma rays ob-
served in our experiment can arise from a number 
of sources other than neutron capture in 248Cm. 
The most important source of extraneous gamma 
rays in the energy range below 1500 keY is 
neutron-induced fission. This rate of fission did not 
change appreciably with time. 'At the beginning of 
the irradiation, 245Cm was an important source of 
fission (see Table D. As the initial amount of 245Cm 
decreased (it is destroyed with an effective half-life 
of seven days by virtue of its 2070 b cross section), 
other nuclides, e.g., 249Cf and 25013k, which are 
products of successive neutron capture reactions 
and beta decay, contributed appreciably to the fis-
sion rate. In our experiments we observe about 100 
lines whose energies match with precisely-measured 
fission product energies reported previously  and 
which have been eliminated from the 
248Cm(n,y) 249Cm list. 
We have identified the most intense gamma tran-
sitions from the beta decay of two capture products, 
'49 	 '50 65-mm - Cm and 3.2-h Bk; these transitions are 
listed in Table HI. Since absolute intensities for the 
two gamma transitions in 249  Cm beta decay are 
known,' ° our intensities are linked to these transi-
tions in order to get y intensity per neutron capture. 
Other curium isotopes in the target did not produce 
significant capture reactions, with the possible ex-
ception of 245Cm. Its capture rate was 0.06 times 
that of 248  Cm at the beginning of the irradiation. 
Owing to rapid destruction, the rate was down to 
0.01 times that of 248Cm after 16 d. Since the 
248Cm capture rate was essentially constant over the 
entire period of the irradiation, the time dependence 
of the gamma rays served to eliminate 245Cm(n,y) 
contributions. The list of secondary gamma rays 
was checked for interference from the 
249Bk(n,y) 250Bk reaction by comparing with spectra 
obtained from a 249Bk target used in a separate mea-
surement; the 249Bk in our Cm target is the product 
of 249  Cm beta decay. 
A. Pair spectrometer results 
A prominent feature of the spectra taken with the 
pair spectrometer is a large set of intense gamma 
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TABLE H. Gamma ray transitions from the 24 Cm(n,y) 249Cm reaction measured by use of the GAMS 1 and GAMS 
2/3 spectrometers. 
E 	AE I T 	Aj r 	 E 	AE I,. 	iJ 
(keY) (eV) (phot/1000 capt) Assignment 	 (keY) (eV) (phot/1000 capt) 	Assignment 
40.111 7 17.8 7.0 165.823 24 5.7 0.7 
40.146 6 20.0 7.0 167.650 40 4.9 0.7 
41.554 4 15.0 1.5 171.585 14 8.7 1.1 
57.963 6 17.4 3.3 181.778 11 10.3 2.2 208.0- 26.2 
58.060 8 14.8 3.7 182.1468 43 3.0 0.3 1153.5-971.2 
59.282 5 43.2 6.1 193.248 59 5.5 1.3 242.0- 48.7 
59.368 7 24.9 5.7. 193.805 20 8.0 1.2 242.0- 48.2 
65.139 8 11.3 3.2 194.334 43 2.2 0.3 
66.808 10 15.3 3.0 198.945k 56 2.2 0.3 
66.901 10 10.0 2.3 208.011 7 15.8 2.2 208.0- 	0.0 
67.209 11 9.1 2.5 214.9778 39 3.4 1.0 
68.179 14 7.8 2.8 216.531 51 2.7 0.9 
75.736 3 - 14.4 2.3 218.702 23 5.7 - 1.1 
75.865 76 8.2 2.0 225.942 73 4.2 1.4 772.8-546.9 
76.647 4 6.3 1.3 546.9-470.2 227.375 34 2.4 0.6 
1047.8-971.2 228.9498 34 3.1 0.5 1047.8-818.9 
78.392 5 6.4 1.7 1153.5-971.2 229.343 25 2.0 0.3 
83.922 7 4.1 1.2 110.2- 26.2 230.6388 54 7.9 2.2 
84.700 6 6.4 1.4 1047.8-963.0 236.780 45 4.8 1.3 
97•7998 10 4.4 0.7 208.0-110.2 240.253 9 5.9 0.9 289.0- 48.7 
100.395 12 2.9 0.9 240.451 10 3.0 0.6 818.9-578.4 
102.6648 7 37.5 5.7 240.618 15 11.8 2.0 529.6-289.0 
102.783 8 28.7 4.0 240.780 20 9.3 1.7 289.0- 48.2 
111.113 16 L.4 0.7 242.011 76 2.8 0.4 242.0- 	0.0 
114.859 32 7.8 1.2 257.742a 51 16.1 5.1 546.9-289.0 
115.064 45 15.6 2.3 265.721 57 4.6 0.9 
115.306 50 4.5 0.8 267.163 33 13.1 3.3 
116.3388 15 2.8 1.0 269.671 28 12.3 -. 2.4 
116.775 25 3.8 0.9 269.910 30 12.2 2.1 
117.706 7 4.8 0.8 272.039 49 2.2 1.3 818.9-546.9 
125.061 16 5.3 1.9 . 275.388 23 7.3 1.4 
126.897 49 - 278.229 69 3.2 1.0 772.8-494.5 
129.1498 20 8.3 3.3 280.7698 41 9.0 2.3 
129.862 15 10.9 4.0 302.589 65 8.5 2.8 772.8-470.2 
130.260 12 15.3 4.3 1047.8-917.5 
307398 190 3.2 1.4 
133.659 27 13.6 5.7 312.120 16 5.3 1.3 859.0-546.9 
137.190 43 6.3 0.8 314.161 44 6.7 1.8 
137.822 14 11.3 2.4 316.329 50 6.0 1.4 
138.360 14 8.7 1.6 321.8918 418 3.7 2.5 529.6-208.0 
146.479 19 7.7 2.2 339.23 120 4.1 1.1 546.9-208.0 
147.8428 27 4.0 1.9 340.009 97 11.5 3.0 
148.155 18 5.7 1.3 340.369 10 10.4 1.9 
149.738 9 4.6 0.7 343.021 96 6.0 1.3 	- 
150.266 16 9.9 1.8 343.167 70 4.8 1.6 
153.846 28 3.9 1.4 348.748 37 7.2 1.9 818.9-470.2 
158.544 33 9.9 1.9 349.560 95 5.2 1.5 
158.8798 17 5.3 0.5 349.827 14 6.6 1.4 
159.215 21 9.9 2.4 208.0- 48.7 353.772 58 3.9 1.1 
159.765 16 9.0 1.8 208.0- 48.2 357.688 170 5.6 1.6 
161.391 30 6.3 1.1 366.69 110 7.2 2.9 
162.314 14 8.0 0.9 373.887 33 4.8 1.5 
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TABLE II. (Continued.) 
E 	AE 	I. 	iXJ. 	 E 	AE 	J. 	Al y  
(keY) (eV) (phot/1000 capt) Assignment 	 (keY) (eV) (phot/1000 capt) 	Assignment 
772.8-242.0 
1153.5-546.9 
400.398 55 14.3 2.7 
400.583 43 16.9 3.5 
400.820 35 13.0 2.5 
401.63 - 160 6.7 0.6 
415.07 140 4.4 1.1 
418.07 140 3.3 1.1 
422.015 6 35.9 6.2 
422.94 100 7.4 1.9 
434.009a 62 5.8 0.6 
441.55 110 2.8 0.8 
444.095" 80 2.5 0.8 
447.308 72 4.4 1.4 
452.36 110 2.5 1.1 
468.259 8 20.8 3.5 
470.198 9 30.0 7.4 
490.56 160 3.3 1.1 
494.484 3 27.2 6.0 
497.384 59 6.6 1.7 
505.95 30 11.0 3.9 
524.55 50 10.5 2.5 
531.72a 530 10.0 1.0 
535.55 50 7.7 1.1 
539.368 190 9.7 1.0 
548.63a 130 5.3 1.4 
550.30 20 11.9 1.7 
575.58 70 3.6 0.8 
588.92' 30 18.6 3.6 
589.84 130 9.6 1.9 
602.24a 60 8.5 1.7 
606.73 140 3.0 0.8 
621.59a 330 12.3 2.2 
630.19 80 8.0 1.9 
658.45 60 9.9 3.0 
683.35 160 3.0 1.1 
705.65 50 10.2 3.3 
724.44a 70 22.3 6.9 
743.07 50 11.0 2.2 
772.80a 100 12.4 3.3 
778.44 110 6.3 1.7 
786.29 120 27.8 4.4 
787 . 358 150 6.9 2.2 
819.58 50 16.8 3.3 
830.70 60 46.3 6.3 
831.06 50 49.6 14.9 
832.70 100 24.3 4.1 
846.23 250 59.3 12.4 
860.80 130 12.4 3.0 
861.39 240 9.4 1.9 
891.25 210 12.7 3.9 
899.92 90 14.1 3.0 
914.74 110 14.3 3.3 
941.96 100 36.4 9.4 
957.63 210 7.7 1.9 
963.06 90 8.0 1.9 
968.23 120 15.2 4.4 
981.68 110 80 17 
982.13 100 93 18 
983.06 30 117 22 
983.92 80 83 14 
1012.19 120 52 9 
1013.69 50 88 16 
1014.87 130 50 8 
1073.59 190 17 3 
1127.37 220 22 4 
1135.01 240 28 4 
1175.78 260 21 4 
1186.71 210 40 7 
1193.67 270 22 4 
1225.21 490 30 7 
1239.76 470 15 4 
1252.34 320 22 4 
1269.50 150 38 8 
1278.95 340 28 6 
1283.46 190 92 15 
1284.78 340 30 6 
1313.51 140 32 6 
1334.56 230 36 7 
1342.02 170 26 5 
1365.19 510 27 7 
1408.28 300 195 28 
1435.74 490 34 9 
1480.06 340 12 3 
1525.72 300 81 14 
1590.5 1200 57 17 














'The existence for these transitions must be considered tentative. 
transitions that arise from the 27A1(n,y)28A1 reac-
tion in the aluminum used to contain the Cm0 2 . 
The stronger lines in this spectrum, along with a 
carbon line at 4945 keY which also arises from re-
actions in structural material of the target assembly, 
were used to calibrate the spectrometer. Energies of 
the aluminum capture lines were taken from Ishaq 
et al) 1 A comprehensive list of aluminum lines, in-
cluding the data of Ref. 11 plus those of Stelts and 
Chrien' 2 for the less intense lines, were used to 
eliminate interference in the 248Cm primary spec-
trum. The remaining gamma rays that we observed 
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TABLE III. Gamma ray transitions from beta decay of 249Cm and 2505k measured by use of the GAMS 1 and 
GAMS 2/3 spectrometers. 
Neutron capture measurements 	 Beta decay measuremen tsa 
	
E 	AE 	IT 	&Iy E 	AE 	IT  
(keY) (eV) (photons/1000 captures) (keV) (eV) (photons/1000 beta decays) 	Remarks 
249Cm 	137.190 	43 	6.3 	0.8 	136.90 60 	0.39 	0.03 	Abundance, energy 
do not match 
368.571 	26 	7.0 	0.9 	368.76 60 	3.5 	0.2 	Also fission 
product, 104Nb 
Not detected 	 518.48 60 	0.88 	0.06 
560.485 26 	8.5 	2.2 	560.39 60 8.4 0.6 	249Cm intensity 
calibration line 
621.59 	330 	5.3 	1.0 	621.87 60 	1.82 	0.13 	(n, y) observation 
too intense 
634.311 	19 	14.8 	0.7 	634.31 60 	15.0 	1.0 	249Cm intensity 
- calibration line - 
Not detected 	 652.80 60 	1.43 	0.10 
(relative intensities) 
250Bk 	Not detected 	 889.956 22 	3.40 	0.5 
Not detected 929.468 22 2.74 0.4 
989.225 	17 	210 	40 	989.125 21 	100.0 
1028.1 400 14 4 1028.654 25 10.9 	0.3 
1031.921 	25 	140 	27 	1031.852 21 	79.1 1.2 
aGamma  rays from beta decay of 249Cm and 2°Bk were taken from Ref. 10. 
in the energy range 3400-4713 keV are listed in construction, we have taken a series of levels below 
Table IV. This list has been checked for interfer- 300 keV that are populated by the 248Cm(d,p ) 249Cm 
ences from the 249Bk(n,y) 250Bk reaction. The list in reaction and were observed experimentally by Braid 
Table IV was also checked for fission product gam- et al.3 	The first four of these, at 0, 25+2, 48±1, 
ma lines, as summarized in the lists published by and 110±1 keY, were assigned as the lowest-lying 
Blachot et al. 13 	Of the 17 lines listed in the table, members of a K= T' 	band. Three other levels, at 
eleven are assigned to primary transitions that 208+1, 242±1, and 288±5 keY, were assigned as 
pulate levels whose existence in 249Cm is substan- the lowest-lying members of a KT = 	rotational 
tiated by the observation of secondary gamma rays band. The existence of all these levels is corroborat- 
as well. ed by our observations and we have obtained a more 
Assuming the 4713.4 keY transition populates precise energy for each. We have assumed the spin 
the ground state and averaging over additional pri- and parity assignments for these levels as proposed 
mary transitions placed in the level scheme (see Sec. by Braid et al.3 In the following, Ref. 3 will be ab- 
W), the neutron binding energy in 248Cm was deter- breviated as BCEF. 
mined to be 4713.7 ±0.4 keV. The error includes a Primary transitions, those which originate from 
systematic error of 0.3 keV in the aluminum cap- the decay of the initial capture state, provide impor - 
ture data of Ishaq et al. 11 	This result is in agree- tant evidence for the existence of excited levels. 
meat with the value (4713+6 keY) of Wapstra and Having measured the neutron binding energy in 
Bos 14 249Cm, we obtain excited level energies directly 
from the high-energy gamma spectrum. We consid- 
IV. LEVEL SCHEME 
er as strong evidence for the existence of a level the 
A. Model-independent scheme observation of a primary transition plus multiple 
Using the gamma ray data listed in Tables II and secondary gamma rays that feed into the lower - 
IV, we have constructed a model-independent level lying level structure which has already been deter- 
scheme for 249Cm as shown in Fig. 1. As a basis for mined experimentally. Experience has shown that 
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TABLE IV. High-energy gamma rays in 249Cm pair spectrometer measurement. 5 
Gamma ray energy' 	 Implied level energy 
(keV) 	 Relative intensity 	in 249Cm (key)b 	 Remarks 
4713.4(4) 8.6(7) 0 
4505.0(3) 12.4(8) 208.4(5) 
4406.5(4) 7.5(7) [306.8(6)] 
4243.5(3) 35.2(16) 469.9(5) 
4219.0(3) 57.1(24) 494.4(5) 
4022.9(4) 12.9(12) [690.5(6)] Complex 
3854.5(8) 5.5(21) 858.8(9) Doubtful 
3796.1(3) 21.2(12) 917.3(5) 
3750.7(3) 61.7(27) 962.7(5) 
3702.1(4) 9.2(8) [1011.3(6)] 
3663.5(3) 29.5(18) 1049.9(5) 
3560.6(10) 36.3(45) 1152.8(11) Interference from 27A1(n,y) 
3538.3(3) 100.0(4) 1175.0(5) 
3509.7(3) 37.9(19) [1203.6(5)] 
3450.1(5) 6.7(13) [1263.3(6)] Doubtful 
3444•9(3) 72.9(33) 1268.5(5) 
3399.0(4) 10.5(11) [1314.4(6)] 
The data listed in this column are transition energies that have been corrected for nuclear recoil energy. 
b Level energies are listed only for those gamma rays that can be assigned to 249Cm decay, i.e., for those transitions 
where there is no question of fission product interference or assignment to 249Bk(n,y) 250Bk. The level energies listed in 
brackets are not substantiated by observation of secondary gamma rays feeding or depopulating the level. 
the most intense primary gammas are often E 1 
transitions. Thus, spin assignments of 11= + , - 
are favored for levels populated by intense primary 
gamma rays. In addition, we assume that the 
secondary transitions we observe are of either El, 
Ml, or E2 multipolarity. Since energies of many of 
the secondary gamma transitions have been mea-
sured precisely, we make use of the Ritz combina-
tion principle to define some levels. The level ener -
gies in Fig. 1 were calculated by making a least-
squares fit to the transition energies. 
The following is a discussion of certain details 
that comprise the evidence for the level scheme of 
Fig. 1. A list of transitions depopulating each level 
is given in Table VII. 
Levels at 0, 26.24, and 48.20 keV. These levels 
were assigned previously  to have even parity with a 
spin sequence of -i-, --, and --. Our results agree 
with that assignment. We observe a weak primary 
transition (4713.4±0.4 keY) to the ground state of 
249Cm. A possible primary transition to the I = 
level at 26.24 keY cannot be determined because of 
the presence of an intense aluminum capture line at 
4690.9 keY. 
Level at 48.74 keV. The evidence for this level 
consists of three gamma transitions from levels at 
208.00, 242.00, and 288.97 keY. Based upon these  
populating transitions from a band of levels whose 
spins and parities are known, possible spin andpari-
ty assinments for this 48.74 keV level are -- , 
and 
Level at 110.17 keV. The (d,p) measurements of 
BCEF have provided good evidence for a level(s) at 
110 keY. The I = member of the ground state 
band is calculated to appear at 109.42 keY, based 
upon rotational constants derived from the lower 
spin levels. The best candidate for a possible Ml 
or E2 transition deexciting this I = -- level is an 
83.922±0.007 keV gamma ray which is assigned to 
the E2 transition leading to the 26.24 keY I = + lev-
el. Based upon this placement, we define a level at 
110.17 keY which will subsequently be shown to be 
populated by three transitions from higher-lying 
levels. The (d,p) experiments have been interpreted 
to indicate an I =level at 110 keV, also. It is un-
likely that we would see any transitions to or from 
this level in our experiment. 
Levels at 208.00, 242.00, and 288.97 keV. The 
208.00 keY level is populated by a primary transi-
tion. All three levels are well established on the 
basis of several transitions that populate and depo-
pulate the levels. These levels are assumed to have 
even parity with a spin sequence of -i-, -., .f based 
on the previous assignment by BCEF. 
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FIG. 1. Level scheme of 249Cm based upon model-independent evidence and including gamma-ray transition energies 
(keY) and intensities (photons per 1000 captures). Levels whose energies are given in parentheses were derived from 
evidence which includes some model-dependent arguments. An asterisk denotes multiple placement of a transition. (a) 
Primary transitions and secondary transitions for levels below 600 keV. (b) Secondary transitions for levels above 600 
keY. 
Levels at 470.21 and 494.49 keY. There are rela-
tively strong primary transitions that feed these lev-
els; the intensity of the primary gamma feeding 
the 494 keY level is considered large enough to limit 
spin and parity assignments to - or -} -. A level 
at 469±2 keV is indicated by the (d,p) reaction 
spectroscopy. The 470 keY level deexcites to the T' 
and -- members of the ground state band. The 
494 keV level deexcites to the -- and -- members of 
the ground state band. Spin and pa rity assinments 
for these levels are -i-, -- (470.21 keV) and  
(494.49 keY). 
Level at 529.58 keV. A level at 528±3 keY was 
observed in the (d,p) measurement. We observe two 
gamma rays that deexcite this level and one that 
feeds it from above. Allowable spin and parity as-
signments are - and F• 
Level at 546.86 keV. The evidence for this level 
is considered tentative; we observe two gamma rays 
deexciting the level to the 208 and 289 keV levels of 
a lower band and four gamma rays feeding the level 
from above. Allowable spin and parity assignments 
are 
3+ 
 and -  -. 







(546.86 ± 0.01) 
529.58 ± 0.01 
494.49 i 0.01 
470.21 ± 0.01 
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48.74 ± 0.02 
48.20± 0.01 
26.24 ± 0.01 
0 
FIG. 1. (Continued.) 
arguments presented later in this paper, an I = 
level is expected to exist at approximately 576 keY. 
This estimated level energy is derived from an ob-
served level spacing for the I = -- and - members 
of the rotational band. The I = member is tenta-
tively assigned at 578.43 keY based upon a depopu-
lating gamma ray to the 110.17-keY level and feed-
ing by a gamma ray from an 818.89-keY level. 
Level at 772.74 keV. Although we do not observe 
a primary transition to this level, there is good evi-
dence for its existence in that we observe six gamma 
rays that depopulate it. Allowable spin and parity 
assignments for the level are , -i-, and -- 
Level  at 818.89 keV. In a later section of this pa-
per that includes model-dependent arguments, we 
propose the existence of a K = - band (configura-
tion: 7 [752]) based at 772 keY. The expected  
energy for the I = -- level of this band, which is de- 
2 
rived in a calculation that includes Coriolis mixing, 
is approximately 820 keV. Based upon three deex-
citing gamma rays, we establish the existence of this 
level at 818.89+0.02 keY. 
Levels at 858.91, 917.49, and 963.00 keV. Each 
of these levels is populated by a primary transition. 
Therefore, the spin assignments can be limited to 
and Given the relatively low sensitivity of 
our primary transition measurements, we can rule 
out population of -'  states. For the 858 and 917 
keV levels, allowable spin and parity assignments 
are -- and --. For the 963 keY level, the reduced 
primary transition intensity is large enough that al-
lowable spin and pari ty assignments for this level 
are ~ and -j- . We also observe secondary gam-
ma rays from each level, that feed into the well- 
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established level structure below 550 keV. Since the 
963 keY level decays to a ! + level at 48.2 keV, its 
spin and parity assignments are uniquely deter-
mined tobe-- 
Level at 971.20 keV. In a later section of this pa-
per, we assign the 917- and 963-keV levels as the 
first two members of a K = -- band (configuration: 
+[501]). We propose the existence of a third level 
in this band at 971.20-1-0.10 keV based upon two 
deexciting gamma rays. 
Levels at 1047.81 keV. A moderately intense pri-
mary transition indicates the presence of a level at 
1049.9±0.2 keV. Four secondary gamma rays can 
be combined in a Ritz combination to define a level 
at 1047.81±0.03 keY. The energy of each depopu-
lating transition corresponds to the indicated level 
spacing within -one standard deviation. The-total 
intensity carried away by the depopulating transi-
tions (31 relative units, photons per 1000 captures) 
is consistent with feeding by a moderately intense 
primary. In a later section of this paper, we assign 
three of the populated levels to the I = -i-, -i-, and 
members of the -- [501] orbital. Thus, the experi-
mental evidence for the existence of a 1047.81 keY 
level is quite convincing. On the other hand, the 
difference between the level energy defined by the 
depopulating transitions and that defined by the 
primary transition is more than 2 keY which is a 
much larger discrepancy than observed for any of 
the other levels and which is four times larger than 
the propagated error. Since Ritz combinations do 
not offer any other attractive possibilities for a level 
with energy closer to 1049.9 keY and with sufficient 
intensity for the depopulating transitions, we assign 
a level at 1047.81±0.03 keY, although it is ques- - 
tionable whether the level populated by the primary 
transition and the assigned level are identical. 
Levels at 1153.49, 1175.94, and 1269.47 keV. 
Each of these levels is populated by a strong pri-
mary transition. The transition to the 1153.49 keV 
level is partially obscured by an A 1 capture line 
which results in a large uncertainty on the intensity. 
We assign allowable spin and parity values to this 
level of -- and 2-- . The two higher levels are as-
signed -- - and -- - on the basis of the primary line 
intensities. 
B. Application of the Nilsson model 
to the level scheme 
Since the actinide species constitute a region of 
nuclei that exhibit stable quadrupole deformation in  
their ground states, one can use the "unified" model 
of Bohr and Mottelson' 5 to predict a variety of 
properties for excited nuclear levels. This model 
combines features of the nuclear shell model with a 
description of collective excitation, both rotational 
and vibrational. For odd-mass nuclei, a basic as-
sumption is that the unpaired nucleon is considered 
to move according to an average potential generated 
by the combined effect of all of the remaining 
(paired) nucleons. Corrections are added for pertur-
bations due to nuclear pairing effects. An early 
development of these ideas was that of Nilsson and 
co-workers 16  who employed a harmonic oscillator 
potential, a spin-orbit coupling term, and an 12  term 
in their Hamiltonian to solve this problem. Since 
its original formulation, this oscillator potential has 
been modified, chiefly in the treatment- of the 1 2 
term so that the spacing between adjacent oscillator 
shells remains exactly hw o, and in the introduction 
of a deformation dependence in the spin-orbit and 
1 2  terms. In addition, extensive calculations have 
been made using the more realistic Woods-Saxon 
potential. 17  Chasman et al.' present a good discus-
sion of the detail and merits of these potential 
forms. The harmonic oscillator potential is attrac-
tive due to the relative ease of calculation. Chas-
man et al.' have reviewed the experimental evidence 
and find that wave functions obtained from the 
Woods-Saxon potential agree better with experimen-
tal data than those obtained from the modified os-
cillator potential. 
We have chosen to calculate eigenvalues and 
wave functions for single-particle configurations of 
249Cm with the modified oscillator potential; we 
employed a computer code CJ written by Nilsson. 18 
For values of the parameters that describe the po-
tential, we have adopted ic=0.0635 and ji=0.317, 
as recommended for A =249 by Nilsson et al., 19 
who derived these values by making the best fit to 
experimental level energies of nuclei near A = 242. 
Another set of parameters required for these cal-
culations are those describing the deformation of 
the nucleus. Ground-state equilibrium distortion 
can be calculated for a given nucleus by minimizing 
the potential energy with respect to the deformation 
parameters e 2 and e4. The potential energy is calcu-
lated using the liquid drop model with shell correc-
tions. Many calculations of distortion parameters 
for actinides have been done over the years; recent 
results using both modified oscillator and Woods-
Saxon potentials are in good agreement. We list the 
results of Moller et al.20 in footnote a of Table IV; 
these values were derived by interpolating between 
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TABLE V. Experimental and calculated excited levels for 249Cm. 
Experimental 	MO calculations' Calculations of Gareev et al)' Woods-Saxon potential' 
Percentage Other 
Energy Decoupling Energy Decoupling Energy indicated important Decoupling 
Configuration (keV) parameter 	(keV) 	parameter (keV) configuration configurations' parameter 
+[620] 0 +0.33 	0 	—0.91 0 81% +0.29 
+[613] 48.7 65 70 83% 
+[622 1 208.0 60 150 72% 
--[725] . —85 430 85% 
+ 76 l1 470.2 —1.89 	460 	—5.0 500 52% 622-4-Q(31) 11% —3.36 
620-i-Q1(30) 10% 
7 [734] 440 510 86% 
+[622] 529.6 1260 900 56% 734+Q(32) 20% 
--[752] 772.7 1150 910 37% 620+Q(31) 29% 
622+Q(30) 18% 
+[501 ] 917.5 +0.80 	2520 	+ 1.0 920 65% 752+Q(22) 19% +0.76 
76 1+Qi(22) 12% 
+[631 ] 	 1360 	—0.04 	1200 	80% 	 —0.70 
+ [750] 2000 	+5.5 
'Modified oscillator potential: K=0.0635, ,i=O.3l7. For 249Cm, e2=0.22, and e4 =0. Calculations performed with CJ 
code. 
bReference  23, Woods-Saxon potential plus quasiparticle-phonon interaction. For 249Cm, 62=0.25 and e= —0.003. 
'Notation is that of Ref: 23. 
dChasman  et al., Ref. 1, calculation with e2 =0. 239, e4 =0, A =244. 
calculated results for the nuclei 248Cm and 250Cm. 
The results of our calculations for single-particle 
excitations in 249  Cm are listed in Table V. The en-
ergies listed are those for the bandhead levels. The 
theoretical quasiparticle energy is given by the ex-
pression 
,E qvp 
where the parameters are 1, the Fermi level, and i, 
the pairing gap. For this latter quantity, we have 
used an approximation that the pair gap parameter 
is equal to the, odd-even mass difference, 
1M,3  =M(249Cm)_[M( 250Cm)+ M( 248Cm ) 
_M( 246Cm )] = 664 keY 
This formula was given by Mang et al.21 and the 
masses were taken from a compilation by Wapstra 
and Bos. 22 As shown in Table V, three other con-
figurations lie close in energy to the ground state 
configuration, namely --[6l3], --[622], and 
--[725]. For this calculation we have simply as-
sumed A=E for the 4-' [620] configuration. Ad-
justment of the assumed value of the Fermi level 
will cause these low-lying configurations to shift in 
energy, but these variations do not substantially im-
prove our understanding of, or agreement with, the 
experimental results. 
For comparison, we have listed in Table V the 
predicted bandhead energies for 249  Cm according to 
the calculations of Gareev et al.23 who employed a 
Woods-Saxon potential and included quasiparticle-
phonon interactions. When there are significant ad-
mixtures of vibrational components in a given con-
figuration, we have indicated these admixtures in 
column 8 of the table, using their original notation. 
The calculated level energies listed in the table show 
reasonable agreement except for two configurations, 
--[725] and +[501].  We do not have experi-
mental evidence for existence of the first configura-
tion. In the latter case, apparently we can expect 
the energy of this - [501] configuration to be sig-
nificantly lowered due to quasiparticle-phonon in-
teractions. Two other configurations, -- [761] and 
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FIG. 2. Level scheme of 249Cm showing rotational 
bands and configuration assignments from the Nilsson 
model. Levels observed in the 248Cm(d,p) 249Cm reaction 
(Ref. 3), but not populated in the (n,y) reaction are indi-
cated as dashed lines. Some unassigned levels are given 
in the right side of the figure. 
--[752], are calculated to include important vibra-
tional components; the indicated single-particle con-
figurations comprise only 52% and 37%, respec-
tively, of the total wave function. 
Calculated decoupling parameters are listed for 
the 11= -- bands in Table V, based upon both a 
modified oscillator (mo) potential calculation and a 
Woods-Saxon potential calculation. Comparison of 
the results from the calculations shows some large 
differences. For the -- + [620] configuration, the mo 
calculation predicts a=-0.91,  while the Woods-
Saxon calculation predicts a = +0.29. A summary 
of experimental values for this configuration, as re-
ported by Chasman et al., 1 shows much better 
agreement with the Woods-Saxon calculations. 
They find similar agreement between experiment 
and theory (Woods-Saxon potential) for the 
- [631] configuration in a number of nuclei. 
Faessler and Sheline 24 have made a comparison be-
tween wave functions calculated using a Woods-
Saxon potential and a harmonic oscillator potential 
in the rare-earth region; they find that experimental 
values for the decoupling parameter of a -- [510] 
band are reproduced- more accurately in the 
Woods-Saxon calculations. On this basis, the 
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FIG. 3. 249Cm bandhead energies. experimental vs 
theoretical. The experimental baridhead energies with 
their associated configuration assignments are compared 
with theoretical excitation energies from (I) Solovievs 
group who assumed a Woods-Saxon potential form and 
included quasi part icle-phonon coupling, (2) a modified 
oscillator potential calculation done with the CJ code, 
K=0.0635 and .i=0.317, and (3) extrapolation of empir-
ical trends in neighboring nuclei. 
decoupling parameters in the last column of Table 
V are considered the preferred calculated values in 
examination of our results, for 240Cm. 
Guided by the nuclear model predictions for 
single-particle states in 249Cm and making use of 
our model-independent level scheme, we proceed to 
the identification of rotational bands and the as-
signment of Nilsson configurations. The regularity 
of rotational bands is expressed in the well-known 
formula 
E1 =E0+*/2J[I(I + 1) 
+K,I,2(-1)(I+112)a] 
For some of the less perturbed configurations in 
odd-mass actinide elements, rotational parameters 
of 412JmA =6.2-6.6 are observed experimental- 
ly. 
One may derive empirical values of A from ex-
perimental data that sometimes show large devia-
tions from the indicated range of unperturbed 
bands. Usually, these observations can be explained 
by the presence of significant Coriolis mixing. This 
9/2' — — — — 634 
7/2' 	' 	57a 43 
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independent spin, parity, 
Best experimental 	Level energy Level energy spin, and 
level energy (keY) (keY) (keV) parity configuration 
0 .-+ 
1+ 4[62o] 
254-2 4+ +t 4(620] 
48±1 
+ 4(6201 
110±1 + 4 44+ 7+ 4(620] 
3+5 	7+ 
F 'T 'T 1613 
110±1 
1[3] 
208±1 4+ 4+ 	4[622] 
242±1 4+ 4+ 4(622] 
288±5 4+ 
7+ 4(622] 
350±1 4+ 4(622] 
469±2 4- + 4(7611 
1 -L+ 4[ 6ij 
498±3 + 




0 	 0 
	









470.21+6.01 	 469.9 ±0.5 





effect is most important for configurations with a 
high j quantum number in the spherical state; thus, 
in 249Cm we expect considerable mixing among the 
h 1112 set of configurations, in particular, 2 [761] 
and 4[752]. 
In this model-dependent derivation of the 249Cm 
level scheme, we also employ the data of BCEF 
whose measurements provide level energies and 
cross sections for (d,p) population of certain 
members of rotational bands where the configura-
tions have a significant amount of particle charac-
ter. BCEF list data for the (d,p) spectrum up to a 
level energy of 1650 keY. The uncertainties on level 
energies are in the range of 1-7 keV. They provid-
ed interpretation for only the lower portion of the 
spectrum, in the energy-range 0-575 keY. 
Another set of experimental results, useful in the 
interpretation of our experiment, is that for the lev-
el scheme of 251 Cf (N = 153) where the information 
was derived mainly from a study of the 255Fm a 
spectrum and the photons following this a decay. 25 
In this work, the following single particle configu-
rations (followed by a bandhead energy) were as-
signed:4[62o], 0 keY; --[6l3], 106 keY; 
4[622], 178 keY; --[725], 370 keY; 4[734], 
434 keV; and [622], 544 keY. 
In the following paragraphs, we discuss evidence 
for each configuration assignment. These experi-
mental data and the configuration assignments are 
summarized in Table VI and Figs. 2 and 3. 
4 [6201. The ground state rotational band for 
2,19 Cm has been assigned the configuration 
+ [620].' 10  From our-level energy measurements, 
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independent spin, parity, 
Best experimental 	Level energy Level energy spin, and 
level energy (keY) (keY) (keV) parity configuration 
578.43±0.01 +~ +[] 
634 	±2 634±2 ++ +[6 22 ] 
772.74±0.03 ++,+,++ +- 
818.89±0.01 +,~ ,+,+- +- 
870±4 	 - 	 - + -- [ 752} 
1030 	±7 1030±7 
858.91±0.04 858.8±0.9 
917.49±0.06 917.3±0.5 (915±2)c 	 !,2 	' +[501] 
963.00±0.21 962.7±0.5 -- 	+[5 0 l1 





'Data of Ref. 3. 
'Possible primary transition obscured by intense Al line. 
'This peak in the (d,p) spectrum is not assigned to the + [501 ] configuration. 
TABLE VII. Gamma ray transitions depopulating 249Cm levels 
Depopulating gamma ray transitions 
Experimental Theoretical 
	
Gamma 	reduced 	reduced 	Populated 
Spin, parity, energy transition transition level 	Spin, 
Level energy (keY) configuration (keV) 	ratea 	rate 
 	(keV) parity Configurationc Remarks 
1+1 
0 	-2 2 6201 —1- 	- 
3+1 26.24 -2  2- —16201 - 
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TABLE VII. (Continued.) 
Depopulating gamma ray transitions 
Experimental Theoretical 
	
Gamma 	reduced 	reduced Populated 
Spin, parity, energy transition transition 	level 	Spin, 




22 208.01 0.79 1.28 0 ++ +[620] 
181.78 0.77 1.02 26.2 ! 
159.77 1.00 0.26 48.2 
2 
159.22 48.7 7 [613] E2 2 2 
97.80 110.2 ![620] E2 
.1 + ![622] 




![620] E2 2 2 
193.81 1.00 48.2 
2 
193.24 0.69 48.7 - L[613] d 
288.97 2±.. [6221 










L[76l] 470.20 0.60 0 - L -'-[620] 2 
444.10 0.06 26.2 2-
2 
422.02 1.00 48.2 ! 
494.49 !L[761] 494.48 1.00 0 
2 
+[6 20] 2 	2 -- 
468.26e 0.90 26.2 -- 
498 
22 
546.86 5 ![761} 
2 	2 339.23 0.008 0.009 -- [622] 208.0 -- 
257.74 0.067 0.066 289.0 
2 
76.65e 1.000 470.2 1- +[761] 
575 ' - 
2 	2 
529.58 - 321.89 0.13 1.05 108.0 + ![622] 2 	2 2 
240.62 1.00 0.08 289.0 + 
2 
578.43 - 468.26e 110.2 ![620] d 2 	2 2 2 
634 9+5 - -1-  6221 2 	2 
772.74 - --[752] 772.80 0.07 0.04 0 -'-[620] 2 	2 2 2 
724.44 0.16 0.19 48.2 5+ - 
2 
531.72 0.18 242.0 5+ - 3 -16221 
2 2- 
302.59 0.84 0.90 470.2 1 !17611 
2 2- 
278.23 0.41 1.12 494.5 1  
2 
225.94 1.00 0.23 546.9 1 - 
818.89 -- [752] 348.75 0.79 0.61 470.2 - ! [76l] 2 	2 2 2 
272.04 0.51 0.69 546.9 - 
240.45 1.00 578.4 7+ - 5 -[622] 
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TABLE VII. (Continued.) 
Depopulating gamma ray transitions 
Experimental 	Theoretical 
Gamma 	reduced reduced 	Populated 
Spin, parity, 	energy transition 	transition level Spin, 
Level energy (keV) 	configuration 	(keY) 	rate' rate  	(keV) parity 	Configuration c Remarks 
870 
1030 	*+[752] 
-- 858.91 (, --) 	832.70 	0.24 	 26.2 ++  +[620] 
312.12 1.00 	 546.9 1 +[761] 
917.49 	++[501] 	891.25 	0.18 26.2 ++ +[620] 
447.31 0.50 	 470.2 +[ 761 ] 
422.94 	1.00 494.5 
963.00 	--+[501]963.06 0.54 	 0 - +[620] 
914.74 	1.96 48.2 
971.20 	----[501] 	860.80 0.60 	 110.2 +[620] 
441.55 	1.00 529.6 -- +[622] 	f 
1047.81 	(+--) 	228.95 0.02 	 818.9 
-- 2-[752] 
130.26 	0.50 917.5 -- + [501 ] 
84.70 0.75 	 963.0 
76.65e 	1.00 971.2 - 
1153.49 	(--,--) 	1127.4 	0.031 	 26.2 -- 4-[620] 
683.35 0.019 470.2 -- +[ 761 ] 
606.73 	0.027 	 546.9 
182.15 1.000 971.2 -- + [50 1 ] 
1175.94 	(4,--) 	1175.8 	0.44 	 0 -- +[620] 
968.23 0.58 208.0 ++ +[6 22 ] 
705.66 	1.00 	 470.2 -- +[761 ] 
-- 	-- 1269.47 	(,) 	1269.5 0 -- + + [620] 
'Reduced transition rates have been calculated assuming each transition is of either pure M 1 or pure E 1 character. 
Transitions assigned E2 character are not included in this calculation. These relative rates are normalized to the most 
rapid transition (= 1.00). 
'Theoretical rates are given for dipole transitions between pure single particle configurations. These relative rates are 
normalized such that the total theoretical transition strength is equal to the total experimental transition strength for 
population of a given rotational band; the units, which are relative, are taken from the adjacent column of experimental 
data. 
'If a configuration is not shown, the level has the same configuration as the nearest labeled level above. 
dM1 transition is K forbidden; E 2 transition is allowed. 
C  Transition placed twice in level scheme. 
1El transition is K forbidden by one unit. 
we extract values ofA(m11 2 /2J)=6.572±0.002 keV 	experiment and the (d,p) level energies of 110±1 
and a = + 0.330±0.001. We calculate level energies and 146±3 keV show satisfactory agreement with 
of 109.4 and 149.0 keV for the I = -- and j-  levels 	these calculated values. Our rotational parameters 
in this band; the level observed at 110.17 keV in this are close to those obtained for the same configura- 
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tion in 25I A =6.438±0.002 keV and a = +0.285 
±0.001. Our experimental value for the decoupling 
parameter, a = +0.330, is in reasonable agreement 
with the preferred calculated value, a = + 0.29. 
-[613]. In interpreting the 248Cm(d,p) spec-
trum, BCEF assigned a prominent peak, corre-
sponding to a level at 110±1 keY, to the I= -9,  
member of a +[613] rotational band. Although it 
was recognized that the í=-ç, --[620] level occurs 
at 110 keV, BCEF made this assignment to the 
- [613] configuration in order to explain the inten-
sity of the observed peak. The L + (613] configura-
tion is expected to be populated in the favored alpha  
decay of 253Cf, also. Bemis and Halperin 4 have ob-
served just two a groups for 253 C decay, at 5.979 
MeV (94.7%) and 5.921 MeV (5.3%). Both groups 
exhibit low hindrance factors which are indicative 
of favored decay. Since their experiment did not 
provide information on the absolute energy of the 
levels being populated, Bemis and Halperin 4 adopt-
ed the BCEF assignment, i.e., they assumed the 
higher energy alpha group populates a level at 110 
keY. The foregoing information suggests the 
+ [613] bandhead occurs at about 52 keV. 
We find evidence for a level at 48.74 ± 0.01 keV 
with possible spin and parity assignments of 	--, 
TABLE VIII. Results of Coriolis mixing calculation for N =7 configurations in 249Cm. 
Cross section in sib/sr 
for 248Cm (d,p) at 140' 
Level energies (keY) 	 da/dflcajc 
Ecaic 	Eexp 	AE 	mixing 	no mixing 	dcr/dfl,' 
+ [761] 
494.9 494.49(1) +0.5 22 22 
- 2 468.7 470.21(1) -1.5 82 93 138+28 - 
- 2 547.1 546.86(1) +0.2 17 25 70+23 - 
- 2 498.4 498(3) +0.4 92 150 240+48 - 
9 - 
2 
630.8 5 10 
II 
575.5 575(3) +0.5 21 50 80±25 
13 
755.2 0.7 1.3 
IS - 704.0 0.9 0.2 
--[752] 
- 770.2 772.74(4) -2.5 31 16 
- 820.5 818.89(2) + 1.6 30 17 
- 871.6 870(4) + 1.6 149 93 60±20 
9 
2 
- 968.8 27 20 




1174.5 5 4 
IS - 1238.8 2 2 2 
Parameters derived Fit to Reduction 
from calculation Theoretical experiment factor 
h 2 /2J 	 6.41 
a,+[761] 	 -3.36 	-1.89 	0.56 
(K If- I K')+[761]-+[752] 	+ 5.1 	+4.4 	 0.86 
'These data are taken from Ref. 3. 
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and L + We assign the 4 + [613] configuration to 
the 48.74 keY level. This configuration is known to 
occur at 106 keY in 251 Cf. The 4-4- level spacing 
in 251 Cf, 60.0 keY, agrees with the observed spacing 
of 61 keV in 249Cm. The gamma transitions ob-
served to feed the 48.74 keY level from the 208, 
242, and 289 keY levels are K forbidden in terms of 
M 1 multipolarity, on the basis of our configuration 
assignment. 
- [622]. This configuration was assigned by 
BCEF to arotational band consisting of four levels 
beginning at 208 keY. We observe the three lowest 
levels and have adopted the spin, parity, and config-
uration assignments of BCEF in the construction of 
our level scheme. We calculate an average rotation-
al parameter, A =6.76±0.05 keV, which is identical 
to thatobserved for the same configuration in 251 Cf, 
A =6.75+0.07 keY. Deexcitation of the 208 and 
242 keY levels to members of the ground state 
bands is examined in Table VII where we compare 
experimental data with predicted relative reduced 
transition probabilities given by Clebsch-Gordan 
coefficients, assuming the transitions to be pure 
Mi. For the 242 keY level, relative rates from ex-
periment agree well with theory; for the 208 keV 
level, agreement is less satisfactory. 
-} [622]. This configuration is known to exist in 
251 Cf with the bandhead at 544 keV. There is evi-
dence for its existence in the lighter odd-mass Cm 
isotopes where the I = and - members are identi- 
fled in (d,p) spectra. In 251 Cf, the observed 4-4 
level energy difference is 105.0 keY. The 
248Cm(d,p) 248Cm spectrum includes peaks that de-
fine level energies of 528±3 and 634±2 keV, which 
have an energy difference of 106±4 keY. We have 
evidence for the existence of a level at 529.58±0.04 
keY with possible spin and parity of ! and 4. 
We assign a 4 [622] spin, parity, and configu-
ration to the 529.58 keY level. With the 634 keY 
level observed in the (d,p) spectrum assigned to the 
I =member of this rotational band, the 1=7 lev-
el is expected to occur at approximately 576 keY. 
We find evidence for a level at 578.43 keV that 
deexcites to the 
I = 4 member of the ground state 
band. - 
4 77611. There is strong experimental evidence 
for the levels at 470.21 and 494.49 keY (see Fig. 1). 
Model-independent arguments indicate odd parity 
for these levels. Examination of a Nilsson dia-
gram' 9 shows that the lowest-lying odd parity state 
with fl=-- or - in 249Cm is the --[76l] configu-
ration; it originates from the splitting of an h,,,2 
spherical state. The theoretical values for the 
decoupling parameter are strongly negative (Table 
V) which means the 1=7 level energy is expected 
to be less than the I = level energy. The pattern 
of gamma rays deexciting the 470 and 494 keV lev-
els (Table VII) is suggestive of this sequence. The 
4- 470 keY level deexcites to the I = , 4, and - lev-
els of the ground-state band with most of the 
strength going to the I =4 and - members. The 
494 keV level deexcites only to the I =4- and 4- lev-
els. 
BCEF observed three levels at 469, 498, and 575 
keY and assigned them to the 1 =4, 4, and -- lev-
els of a band whose configuration they labeled 
4-[750], although most references designate the 
configuration as 4[761]. The distinguishing 
- - - characteristics of -the 4[761-] -configuration are a 
large, negative value for the decoupling parameter 
and spectroscopic factors for the (d,p) reaction that 
indicate strong population of the i=4, 7,- and 4-
members of the band, in order of decreasing 
strength. 
Thus, good experimental evidence exists to sup-
port assignment of a 4-[76l] configuration to lev-
els at 470.21(4), 494.49( 4), 498(4), and 575(--) 
keY. From the three lowest energy levels, we calcu-
late rotational parameters of A =4.39±0.30 keV 
and a = —2.84±0.13. This low value for A and the 
fact that the four experimental level energies do not 
fit the simple formula for rotational bands suggest 
the band is perturbed due to Coriolis force interac-
tion with nearby rotational bands. We expect to ob-
serve the I = 4- level of this band and have assigned 
this configuration to the level at 546.86 keV. 
477521. The 772.74-keY level decays strongly to 
levels in the --[761] band; gamma decay to the 
-- [761] band is favored by a factor of 700 over 
that to the --[620] ground state band (see Table 
VII). In the scheme of Fig. 1 this level has assigned 
to it possible spin and parity values of 4, 4- and 
We assign it 1=4, partly because it decays to 
each of three levels in the 4- [761] band with com-
parable transition strengths. We do not see a pri-
mary transition feeding this level; this absence may 
be due to the statistical nature of the thermal neu-
tron capture process. 
We, assign the 772.74-keY level as the j-  member 
of the -- [752] configuration on the basis of (1) its 
energy relative to two intense peaks in the (d,p) 
spectrum at 870 and 1030 keV, believed to be the 
-- and -- band members, and (2) our ability to 
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fit the experimental levels via a Coriolis calculation, 
using a reasonable set of parameters. 
The 7[752] configuration is a particle state in 
249Cm that is expected to be populated strongly by 
the (d,p) reaction. If we assign two intense peaks in 
the (d,p) spectrum at 870±4 and 1030±7 keY to the 
1=7 and T members, these levels and the 772.74 
keY level (1 = are a consistent set described by a 
rotational parameter value of A = 8.0+0.5 keV. 
The increase in this value of A, compared with an 
average of 6.4 for unperturbed rotational bands, is 
presumably due to the Coriolis interaction, which 
causes a decrease in A for the ~ [761] band of 
similar magnitude. 
We expect to observe the I = -- level of this band 
and have assigned this configuration to the level at  
818.89 keY. 
Coriolis mixing calculation for -- 77611 and 
-- 7752] configurations. Asa group, the N = 7 con-
figurations in 249 Cm are expected to interact strong-
ly with each other via the Coriolis force. One 
might also expect some interaction between the 
[761] and -- [50lJ configurations via I.N = 2 
mixing when the two orbitals are very close in ener-
gy, i.e., in a region of "pseudocrossing." We have 
chosen not to include effects of this mixing because 
the level crossing in question appears to occur at 
higher deformation than calculated for the 249Cm 
nucleus. 
In our Coriolis calculation, the energy matrix is 
constructed and diagonalized. The unperturbed ro-
tational energies are given by the equation, 
E(I)=E0+112 12J[I(I+ l)_K 2 +8K,,,2(_1)'+ h /2a(J+-)] 
where E0 is the bandhead energy, f 2 /2J is the rotational parameter, and a is the decoupling parameter for a 
K = ~ band. The off-diagonal matrix elements are given by the equation 
AKK . =a1I2 /2J(UKUK+ VKVK)V(I — K)(1 +K + l)(K Ii+ 1K') 
The parameter a is included to permit adjustment 
of the strength of the Coriolis interaction. The oc-
cupation amplitudes UK and VK are included to al-
low for the effect of pairing correlations. The in-
trinsic matrix elements are calculated by use of the 
CJ code. 18 
Calculations of the perturbed level structure in 
the rotational bands with configurations+[761] 
and -- [752] were made by use of a computer code, 
CORMIX. 26  The program solves the secular equa-
tion for all values of angular momentum involved 
and uses an iterative procedure to adjust all of the 
variable parameters simultaneously until a best fit 
to the experimental level energies is obtained. Our 
calculations are summarized in Table VIII. The 9 
level energies were fit in the calculation with a 
standard deviation of ± 1.0 keY. Variable parame-
ters in this calculation were the two bandhead ener-
gies, a value for the rotational parameter common 
to both bands, the decoupling parameter for the 
+[761] band, and the parameter a which is used 
to attenuate the strength of the Coriolis interaction. 
From our calculation we derive an experimental 
value for the decoupling parameter, a = —1.89, 
whose absolute value is considerably lower than the 
best theoretical estimate, a = —3.36 (Table V). 
Theoretically, this configuration in 249Cm is calcu-
lated to possess appreciable collective nature  23 ; the 
effect of this configuration mixing would be to 
lower the absolute value of the decoupling parame-
ter. Also, the Coriolis matrix element was reduced 
to 86% of theoretical in order to obtain a best fit to 
experiment. The necessity for this reduction has 
been observed before for many nuclei in various re-
gions of deformation. Recent theoretical treatments 
of this phenomenon 27 appear to be promising with 
respect to quantitative predictions of what has been 
treated, in the past, as a purely empirical factor in 
Coriolis mixing calculations. 
Some of the assignments of levels with higher an-
gular momentum in these two bands are based upon 
data from the (d,p) study of BCEF. We have calcu-
lated values for the appropriate cross sections 
(Table VIII) according to the well-established 
theoretical treatment for this reaction given, for ex-
ample, by BCEF. In this approximation, the dif-
ferential cross section is given by the equation 
do 
- j- =( 2J+l)or'SJ' 
where J is the total spin of the state populated and 
K denotes the specific state being populated. The 
factor °?" was computed by use of the distorted-
wave Born-approximation code DWUK72. 28 In this 
calculation, the optical-model parameter set of 
Grotdal et al.29 was employed. The spectrographic 
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TABLE IX. Summary of experimental data for -' [501] rotational bands in actinide nuclei. 
Bandhead 
energy 
Nuclide (key) 	 E3 	—E ia 	A (keV) 	 a Reaction/Reference 
7lRa 139 675.9 	 55.8 	 9.95 	 +0.87 (n,y)(d,p)(t,d) 
fi decay 
229Th 139 535.5 (d, 0m 
23111 141 554.7 	 38.9 	 6.7 	 +0.93 
( ,y )q 
213Th 143 539.6 	 46.5 (d,p)(n,y)' 
(n,y) 
233U 141 572 
23SU 143 658.9 	 44.8 (d,p)' 
(d,t)( n ,y)k 
(n,yY 
237U 145 865.0 	 44.3 (d,t)(3He,a)d 
239ij47 932.9 	 28.9 	 - 	 - 	 - (d,p)(n,y)s.a 
(n ,y)P 
237p1 43 545 	 46 (d, t)' 
factor Sf was computed for single particle states by 
use of normalized eigenvector amplitudes, C 1 , as 
calculated with the CJ code. We compare the ex-
perimental and theoretical differential cross sections 
in Table VIII. Included in the comparison are cross 
sections calculated with the mixed single particle 
wave functions. We note that the calculated values 
tend to be smaller than experimental. Use of the 
mixed wave functions does not improve the fit to 
experiment. 
- [501]. We observe levels at 917.49 and 963.00 
keV that are assigned to the configuration -- [501]. 
The 963-keV level decays to the I = -- and 
members of the ground state and, therefore, is given 
an 1= -- assignment. The 917-keY level is assumed 
to be the I = -- level of this band; the most intense 
gamma ray deexciting this level populates the I = 
member of the ground-state band. Also, the 971 
keV is assigned as the I ="  member of this band 
based upon this proximity to the other levels and its 
deexcitation to levels at 110.17 keV T  and 
529.58 keY (-I'). All of the transitions deexciting 
the 917-, 963-, and 971-keY levels are consistent 
with the assigned angular momentum values I = 
and -   -, respectively. 
From the experimental level energies, we calcu-
late values for the rotational parameter and the 
decoupling parameter of A = 8.41±0.002  keY and 
a=+0.810+0.002,  respectively. The theoretical 
value, a=+0.76,  calculated with a Woods-Saxon  
potential (Table V), is in reasonable agreement with 
experiment. 
Gareev et al.23 predict an excitation of 920 keY 
for an fl=-- band whose wave function is 65% 
single particle character, +[501],  with the next 
most important contributions from single particle-
quadrupole vibration coupling (Table V). Our ob-
servation agrees well with the calculated properties 
of this configuration. 
The ' — [501] configuration, a hole state in 
249Cm, has been identified in 15 odd-neutron ac-
tinides, from 227Ra 139 to 249Cm 153 . A summary of 
these observations is given in Table IX. Often, it 
has been identified by use of (d, t) reaction spectros-
copy. Although BCEF have observed a 915 keV 
level in their (d,p) measurement for 249Cm, we 
doubt they are detecting the 917.47 keV level be-
cause apparently there is insufficient (d,p) strength 
to permit observation of this configuration in 
lighter nearby Cm isotopes. 
The experimental -- [501] bandhead energies for 
nuclides in this mass region are plotted in Fig. 4. 
These are compared with the calculated values of 
Soloviev and co-workers 23,30 in the figure and there 
is good agreement between calculation and experi-
ment. In these calculations, Soloviev et al. have 
considered states that are predominantly quasiparti-
cle in nature and have included the interaction be-
tween quasiparticles and phonons. The --[5011 
configuration has been identified in many nuclides 
over a range of 14 units of neutron number and it is 
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Nuclide (keY) 	 E312 —E 112 	A (keY) 	 a Reaction/Reference 
241 Pu 147 964.7 	- 44 (d,p)(d,d)b 
(d,t)1 
243p 149 905.9 	 41.3 (d,t)(n,y)n 
243Cm 47 729 40 (d,t)5 
245Cm 149 913 	 43 (d,p)(d,r)C 
247Cm 151 958 44 (d, 00  
249Cm 153 917.5 	 45.5 	 8.4 	 +0.81 (n, r)" 
'R K. Sheline, W. N. Shelton, T. Udagawa, E. T. Jurney, and H. T. Krotz, Phy. Rev. 151, 1011(1966); 
bj  S. Boyno, T. W. Elze, and J. R. Huizenga, Nuci. Phys. A157, 263 (1970). 
CT H. Braid, R. R. Chasman, J. R. Erskine, and A. M. Friedman, Phys. Rev. C 1, 275 (1970). 
dT. von Egidy, T. W. EIze, and J. R. Huizenga, Nuci. Phys. Aj..42, 306 (1970). 
T. H. Braid, R. R. Chasman, J. R. Erskine, and A. M. Friedman, Phys. Rev. C 41 247 (1971). 
T. W. Elze and J. R. Huizenga, Phys. Rev. C 3, 234 (1971). 
L M. Bollinger and G. E. Thomas, Phys. Rev. C 6, 1322 (1972). 
hT. H. Braid, R. R. Chasman, J. R. Erskine, and A. M. Friedman, Phys. Rev. C 6, 1374 (1972). 
IT. von Egidy, 0. W. B. Schult, D. Rabenstein, J. R. Erskine, 0. A. Wasson, R. E. Chrien, D. Breitig, R. P. Sharma, 
H. A. Baader, and H. R. Koch, Phys. Rev. C 6, 266 (1972). 
T. Grotdal, J. Linstand, K. Nybo, K. Skar, and T. F. Thorsteinsen, NucI. Phys. Al2, 592 (1972). 
kF. A. Rickey, E. T. Jurney, and H. C. Britt, Phys. Rev. C 1, 2072 (1972). 
'T. Grotdal, L. Loset, K. Nybo, and T. F. Thorsteinsen, NucI. Phys. A211, 541 (1973). 
51T H. Braid, J. R. Erskine, and A. M. Friedman (unpublished); reference in R. R. Chasman, I. Ahmad, A. M. Freid-
man, and J. R. Erskine, Rev. Mod. Phys. 42, 833 (1977). 
"R. F. Casten, W. R. Kane, J. R. Erskine, A. M. Friedman, and D. S. Gale, Phys. Rev. C 14, 912 (1976). 
°M. W. Johnson, R. C. Thompson, and J. R. Huizenga, Phys. Rev. C fl,  927 (1978). 
H. G. Börner, H. R. Koch, H. Seyfarth, T. von Egidy, W. Mampe, J. A. Pinston, K. Schreckenbach, and D. Heck, Z. 
Phys. A 286 , 31(1978). 
D H. White, G. Barreau, H. G. Börner, W. F. Davidson, R. W. Hoff, P. Jeuch, W. Kane, K. Schreckenbach, T. von 
Egidy, and D. D. Warner, Neutron Capture Gamma-Ray Spectroscopy, edited by R. E. Chrien and W. R. Kane (Ple-
num, New York, 1978), p. 802. 
rj Almeida, T. von Egidy, P. H. M. Van Assche, H. G. Bonier, W. F. Davidson, K. Schreckenbach, and A. I. Namen-
son, Nuci. Phys. A315, 71(1979). 
'T. von Egidy, J. A. Cizewski, C. M. McCullagh, S. S. Malik, M. L. Stelts, R. E. Chrien, D. Breitig, R. F. Casten, W. 
R. Kane, and G. J. Smith, Phys. Rev. C 20, 944 (1979). 
tP. Jeuch, T. von Egidy, K. Schreckenbach, W. Mampe, H. G. BOrner, W. F. Davidson, J. A. Pinston, and R. Roussille, 
Nucl. Phys. A11,  363 (1979). 
UT. von Egidy, G. Barreau, H. G. BOnier, W. F. Davidson, J. Larysz, D. D. Warner, P. H. M. Van Assche, K. Nybo, 
T. F. Thorsteinsen, G. Lovhoiden, E. R. Flynn, J. A. Cizewski, R. K. Sheline, D. Decman, D. G. Burke, G. Sletten, N. 
Kaffrell, W. Kurcewicz, T. BjOrnstad, and G. Nyman, Nucl. Phys. A365, 26 (1981). 
'This work. 
a hole state in all of these nuclides. Yet, its excita-
tion energy increases by less than 500 keY over this 
range. This can be understood by noting that the 
-- [501] neutron configuration is a strongly upslop-
ing orbital. Also there is a trend for increasing de-
formation of the ground state in going from 229Th 
(e2=0. 18, e4 = — 0.06) to 249Cm (62 =0.22, 64 =0.0). 
Thus, the effect of the increasing single-particle en-
ergy will offset the effect of the rising Fermi sur-
face so that the change in excitation energy will be 
less than that for some of the other orbitals. 
It appears from the data in Table IX that another 
characteristic of the !— [501] configuration is a 
large value for the rotational parameter, A, or a low 
value for the moment of inertia, although there are 
just three instances where rotational parameters 
have been determined. It may be that a low mo-
ment of inertia is characteristic of a single particle 
orbital such as - [501], whose potential energy in-
creases rapidly with increasing deformation. Niel- 
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FIG. 4. Excitation energy of the -- [501] odd-neutron 
configuration in radium, thorium, uranium, plutonium, 
and curium nuclei (N = 139-153). The calculated values 
are those of Soloviev's group (Refs. 23 and 30). The 
states plotted here are predominantly one quasiparticle in 
nature. 
sen and Bunker 3' have discussed the fact that 
equilibrium deformation depends upon which orbi-
tals are occupied and have estimated that the effect 
on the rotational parameter caused by a change in 
deformation is given by the expression 
(112 /2J)ae2 2 . With these ideas we can deduce a de-
crease in the e 2  quadrupole deformation parameter 
for 249Cm in the +[501] configuration of 12% 
versus deformation in its ground state; thus, 
E20. 19 in this excited state as compared with 0.22 
in the ground state. 
V. CONCLUSIONS 
As a result of our measurements, we have extend-
ed the knowledge of the 249Cm level structure up to 
energies of approximately 1300 keY. Of the ob-
served gamma transitions, 52 are placed in the level 
scheme to define 22 excited levels. We have made 
three new configuration assignments: 
-- + 
[622], 
529.58 keY; --[752], 772.74 keY; and --[501], 
917.49 keY. 
Some of the configurations appear experimentally 






[622], -[752], and +[501] bands. 
Much of this energy decrease appears to be due to 
mixing of the quasiparticle state with vibrational 
components; e.g., the wave function for the 
-- [752] state at 772 keV is calculated to contain 
only 37% of the primary single-particle configura-
tion while octupole vibrational states coupled to two 
lower configurations represent 47% of the total. 
A particularly outstanding difference between 
two types of calculation is found for the excitation 
energy of the -[501] configuration. In the calcu-
lations of Gareev et al.,23 this state is predicted at 
920 keV; its primary single-particle configuration is 
65% of the wave function with most of the 
remainder described as gamma vibrational com-
ponents built on the +[761] and 2-[752] configu-
rations. A modified oscillator potential calculation 
puts this band at extremely high energy, —2500 
keY. We find three levels whose characteristics are 
ipprop riate for assignment to the ~ [5011 state; 
the bandhead energy is 917 keV. 
From our results, one can conclude that the cal-
culations made by Soloviev's group23 for level struc-
ture in actinide nuclei agree quite well with experi-
ment and are the preferred calculations for compar -
ison with other experimental studies in this de-
formed region. 
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The nuclide 231 Th was investigated with the reactions 230Th(n,y) 231 Th, 230Th(n,ye) 231Th, and 
23°l'h(d,p)231 Th. Gamma rays from average resonance capture were measured, in addition to the 
usual thermal neutron capture spectroscopy. From these data, 70 excited levels in 231 Th were identi-
fied and, of these, 57 were placed in 18 rotational bands with assigned configurations. Candidates 
have been proposed for all expected Nilsson states below 750 keV, albeit with varying degrees of 
confidence, including the+[622], --[624], --[761], + -- 
	
[7703, 	[640], and +[5°3]  confgura- 
tions. Several vibrational states have been identified; a special feature of these is the observation of 
greater- fragmentation of single-particle 0 phonon-mixed states than expected theoretically. As-
suming degenerate parity doublets indicate the existence of stable octupole deformation, noevidence 
was found for a tendency toward this phenomenon in 231 Th. The neutron binding energy was deter-
mined to be 5118.13±0.20 keV. 
I. INTRODUCTION 
Stable octupole deformation of light actinide nuclei has 
been recently discussed and evidence for its occurrence 
was found in 225Ra. 13 Since it is expected that there ex-
ists a smooth transition from quadrupole to octupole de-
formation, the study of nuclei in this vicinity may shed 
new light on shape transitions in these heavy nuclei. An 
investigation of the level structure of an odd-mass nucleus 
in the actinide region below 1 MeV also provides informa-
tion on excitations of single-particle states and the cou-
pling of collective motion to these states. 
The level structure of 231Th has been studied previously 
by use of a variety of experimental techniques including 
spectroscopic determination of y rays and/or particles 
emitted during a decay, 4-8 /3 decay, 8 and single-
nucleon-transfer reactions. 12-16  The reactions used in 
previous investigations are all strongly selective and popu-
late mainly levels with large components of single-particle 
excitation. By way of contrast, the (n,y) reaction is less 
selective and is expected to populate all low-lying levels 
with spins within a range of a few units from that of the 
target spin. It has been shown already that the (n,y) reac-
tion is an excellent tool for use in identifying vibrations 
based on single particle states in odd-neutron nuclei. 17 
With the greatly increased resolving power and sensitivity 
of the new generation of /3- and y-ray spectrometers 
35 
operating at the High-Flux Reactor of the Institut Laue-
Langevin (ILL) in Grenoble, extensive and detailed studies 
have already been made of other odd-neutron nuclei in the 
actinide region. Results have been published for level 
structure in the nuclei 227Ra (Ref. 18), 213Th (Ref. 19), 
235U (Ref. 20), 239U (Ref. 21), and 249Cm (Ref. 22). Thus, 
the use of neutron-capture gamma-ray spectroscopy held 
promise as a technique for producing an improved under-
standing of the 231Th level structure. 
II. EXPERIMENTAL METHODS 
A. Secondary y rays from thermal neutron capture 
Secondary y rays following thermal neutron capture in 
230Th (th =23  b) were measured using the curved-crystal 
spectrometers GAMS 1 and GAMS2/3 at ILL. The target 
consisted of 49 mg of 230ThO2  (enriched to 99.86%) in the 
form of a wafer of height 40 mm, depth 4 mm, and thick-
ness 0.1 mm. The 7-ray spectrometers, which are in-
stalled at opposite ends of a transverse beam tube, view a 
common target situated in a thermal neutron flux of 
5.5 X 10 14 .  neutrons CM -2 s _i .  The GAMS 1 spectrometer 
was used to study y rays in the energy range 30-500 keY; 
the resolution obtained was full width at half maximum 
(FWHM)(keV)=6.2 10 6E(keV)/n, where n is the or- 'y 
81 	 ©1987 The American Physical Society 
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der of diffraction, corresponding to a resolution of 20 eV 
at 100 keY in the third order of diffraction. The 
GAMS2/3 spectrometer was used to study y rays in the 
energy range 150-1200 keY; the resolution obtained was 
2.5 x 10 6E(keV)/n, corresponding to a resolution of 
210 eV at 500 keY, also in the third order of diffraction. 
The two spectrometers, the standard measuring pro-
cedure, and the evaluation methods have been described in 
Ref. 23. 
Several scans were taken with each instrument and data 
were collected for the first five orders of diffraction in the 
quartz crystals. The energies were calibrated relative to 
the Th Ka i x-ray energy; a value of 93.3483 keV was as-
sumed from renormalizing Borchert's value 24  to the 198  Au 
absolute y-ray standard of 411.8044 keY. 25 Intensity cali-
brations were obtained by folding the measured intensities 
with previously determined instrumental efficiency curves 
and correcting for self-absorption in the source. The ex-
perimental intensities were related to absolute intensities 
per 100 neutron captures by calibrating with several in-
tense transitions in 23  'Pa which arise from the beta decay 
of 231 Th (Ref. 26). 
During the irradiation of the target in the high neutron 
flux, significant amounts of 21  'Pa were produced (after 
231 Th /3 decay). In addition to several 231 Th 13-decay y-ray 
lines that appeared in the spectrum, some 23  'Pa capture 
gamma lines and 232  Pa 13-decay lines27 were observed. The 
former were assigned by comparison with a separate (n,y) 
measurement on a 23  'Pa target. Gamma rays from these 
various extraneous sources, 13 decay, fission products, 28 
and second-order neutron capture, were removed from the 
compilation. Since the destruction of the 230Th target ma-
terial was slow during the 10-20 d irradiations, y rays 
whose intensities changed significantly with time were at-
tributed to buildup products and, identified or not, were 
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eliminated. The complete set of 278 y-ray energies and 
intensities attributed to 231 Th is given in Table I. 
B. Conversion electrons from thermal neutron capture 
The conversion electrons following thermal neutron 
capture in 230Th have been studied with the BILL 8 spec-
trometer at ILL .29 The target consisted of 6 mg 230ThO2 
enriched to 99.86% in 230Th. It was produced by electro-
deposition onto a nickel substrate (2300 pg/cm 2 ) forming 
a thin layer measuring 30x 100 mm; the Th surface densi-
ty was 200 .tg/cm 2. The thermal neutron flux at the in-
pile target position was 3x 10 14  neutronsm 2 s. 
Conversion electrons were recorded in the range 
70< Ee  <900 keV using a five-wire proportional counter. 
The momentum resolution obtained was ip /p = 5 X 10. 
Multipolarities of strong transitions were determined by 
the L-subshell ratios and pure multipolarities were select-
ed for the relative intensity calibration between the (n,) 
and the (n,e) measurements. Multipolarities of weaker 
transitions could then be deduced from the absolute coef -
ficients. 30 In several- cases the absence of a conversion 
electron line set an upper limit on the conversion coeffi-
cient, resulting in some information on the multipolarity 
(e.g., identifying the transition as El or E2). In a few in-
stances, transitions have been identified from their con-
version electron lines even though no photon has been 
detected. These are listed in Table II, with the experimen-
tal conversion coefficient indicated as a lower limit. The 
measured conversion electron energies, conversion coeffi-
cients, and deduced multipolarities are listed together with 
the y-ray energies in Table II. Spectra for conversion 
electrons with energies in the range 320-440 keV are 
shown in Fig. 1. This region is of particular importance 
because several transitions are found to exhibit unusually 
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FIG. I. (a) and (b) Conversion electron spectra taken with the BILL spectrometer in an energy range where conversion coefficients 
indicate appreciable E0 mixing in transitions. 
00 
TABLE I. Gamma-ray transition energies and intensities (errors of the last digits in parentheses) from the 230Th(n,y)231 Th reaction and measured with the GAMS1 and GAMS2/3 	I 
spectrometers. (Multipol. denotes multipolarity.) 
Gamma 	 Gamma 	 Gamma 
energy8 Intensity 	 energy8 Intensity 	 energy' 	Intensity 
(keY) 	(per 100 n )t Multipol.c 	 (keY) 	(per 100 n)b Multipol.c 	 (keY) (per 100 )b 	Multipol.c 
47.356(6) 0.15(4) 248.586(9) 0.047(9) Ml 385.532(3) 0.25(4) A E1,E2* 
47.807(7) 0.17(5) 255.365(11) 0.031(6) A MI 388.482(9) 0.083(13) A 
53.674(7) 0.15(4) 255.903(10) 0.031(6) A 390.662(4) 0.17(3) A Ml+E2 
55.417(6) 0.14(4) 259.790(4) 0.140(21) A Ml+E2 391.619(13) 0.048(10) MI 
57.984(4) 0.26(7) 272.181(2) 0.62(9) A Ml+E2 392.038(13) 0.048(10) A 
59.323(4) 0.39(10) 275.129(2) 0.65(10) A M1+E2 398.242(10) 0.073(15) A 
E1,E2* 
66.26(3) 0.063(21) 275.428(4) 0.17(3) A M1(+E2) 405.121(3) 1.00(15) A E2+M1 
67.263(6) 0.082(13) 278.524(14) 0.028(6) A 407.899(2) 1.56(24) A E2 
76.198(4) 0.128(19) A 281.441(9) 0.088(14) A Ml 410.252(10) 0.079(16) A Ml 
80.347(2) 0.20(3) A 282.471(2) 2.2(3) A El 415.460(8) 0.081(13) A Ml 
89.443(1) 1.29(24) 284.659(13) 0.028(6) A 417.201(7) 0.112(18) E2 
95.713(8) 0.21(3) . 	289.092(10) 0.030(6) A 417,793(14) 0.054(12) A Ml 
106.183(7) 0.25(4) 295.037(15) 0.031(6) 418.62(4) 0.012(2) A 
107.591(4) 0.116(21) 301.741(3) 0.39(6) A Ml 419.031(16) 0.052(11) A MI 
112.393(12) 0.080(12) 302.540(7) 0.053(11) A E1 , E2* 424.032(4) 0.36(6) A M1+E2 
143.764(2) 3.2(5) A El 307.063(2) 1.63(25) A El 424.43(3) 0.043(9) Ml 
145.961(25) 0.066(13) 309.557(12) 0.039(8) A E1,E2* 427.110(7) 0.105(16) A MI 
147.599(3) 0.032(6) 311.897(7) 0.052(11) 428.71(4) 0.023(5) A M1+E0 
148.693(12) 0.083(13) Ml 317.062(12) 0.030(6) A Mi 433.517(8) 0.135(22) A E2orEl 
160.604(13) 0.028(5) 317.886(22) 0.015(3) A 433.927(4) 0.19(3) A Ml 
318.672(4) 0.110(17) E2+Ml 436.917(4) 0.28(4) A MI(+E0) 
163.358(2) 0.41(6) A E1,E2* 320.899(4) 0.105(16) A Ml(+E2) 438.22(2) <0.025 A M1+E0 
179.297(2) 0.27(4) A Ml(+E2) 321.435(4) 0.099(15) Ei,E2* 439.427(11) 0.073(15) Ml+E2 
182.500(8) 0.078(16) A 323.794(2) 0.27(4) A E1 , E2* 440.044(7) 0.121(19) A M1+E0 
185.712(1) 18.0(27) A El 325.925(3) 0.17(3) A 441.64(4) 0.035(7) A 
198.928(2) 1.8(3) A MI 332.479(7) 0.047(9) El,E2* 443.626(2) 0.94(14) A Ml(+E2) 
200.292(19) 0.046(9) 336.240(10) 0.041(8) A Ml 444.892(14) 0.076(16) A E1
, E2* 
202.111(3) 0.21(3) A Ml 337.569(9) 0.042(9) Ml 448.339(18) 0.02(1) A 
203.566(9) 0.066(13) 342.702(17) 0.025(5) A Mi 445.996(7) 0.137(21) A E2(+Ml) 
205.309(2) 0.35(5) A E1,E2* 343.247(3) 0.25(4) E2+M1 450.680(4) 0.30(5) Ml (+E2) 
211.608(3) 0.136(21) Ml 346.015(4) 0.21(3) E1 , E2* 453.50(6) 0.07(2) Ml+E0 
215.638(6) 0.085(13) Ml 351.512(23) 0.025(5) •A Ml 454.19(7) 0.046(11) MI+E2 
221.399(1) 9.6(15) A Ml 354.721(20) 0.025(5) 456.990(11) 0.110(19) A E2(+Ml) 
228.785(6) 0.086(13) A Ml 360.982(22) 0.037(7) Ml 459.22(8) 0.046(13) A 
230.243(11) 	- 0.034(7) 368.934(2) 0.77(12) A E2 460.753(3) 0.54(8) Ml 
233.469(3) 0.68(10) A Ml 372.221(2) 0.64(10) A El 461.571(7) 0.17(3) - Ml 
239.548(4) 0.40(6) A Ml 463.085(12) 0.101(22) A E2+Ml 
240.875(3) 2.6(4) A Ml(+E2) 372.855(11) 0.080(13) El,E2* 466.227(3) - 	0.54(8) A MI 
244.451(10) 0.048(10) A El 374.590(9) 0.063(13) A E1 , E2* 467.172(20) 0.072(18) Ml+E2 
247.586(3) 0.140(21) A E2 381.934(24) 0.045(10) Ml 468.209(19) 0.074(16) A Ml(+E2) 
TABLE I. (Continued). 	 00 
Gamma Gamma Gamma 
energy Intensity energy' Intensity energy' Intensity 
(keY) (per 100 n)b Multipol . c (keY) (per 100 nib Multipol.c (keY) (per 100 	)b Multipol.c 
468.944(10) 0.132(21) Mi(+E2) 567.108(19) 0.096(16) A M1+E0 696.01(4) 0.066(15) 
470.25(3) 0.037(9) A MI 567.570(16) 0.17(3) Mi 696.85(6) 0.043(10) 
475.62(7) 0.11(3) E2+Mi 570.4(1) 0.03(2) MI 705.53(17) 0.032(10) 
479.19(5) 0.12(2) A E2 572.964(7) 0.24(4) A Mi+E0 707.1(3) 0.054(13) 
479.45(7) 0.10(3) 585.607(13) 0.111(18) A 709.220(14) 0.56(9) A E2+Ml 
482.62(5) 0.026(6) A 587.155(17) 0.081(14) .A MI 713.234(16) 0.20(3) A Mi(+E2) 
483.507(17) 0.060(13) A Mi+E2 593.86(3) 0.054(12) MI 717.99(4) 0.084(15) Mi 
485.256(4) 0.25(4) MI 596.40(11) 0.011(10) 719.74(12) 0.037(9) A 
486.79(3) 0.053(12) 599.20(4) 0.050(11) A 726.190) 0.091(16) 
487.689(23) 0.057(12) A E1,E2* 604.467(24) 0.073(16) 729.19(5) 0.082(13) A M1(+E2) 
488.55(5) 0.023(5) A 611.80(2) 0.093(15) A 736.73(17) 	- 0.032(8) 
489.43(4) 0.053(11) M1+E2 612.50(10) 0.043(11) 739.409(25) 0.139(23) A Mi+E0 
490.51(2) 0.057(12) A MI 613.84(7) 0.033(8) Mi 749.14(5) 0.095(15) A MI 
491.284(4) 0.34(5) A E2 614.563(14) 0.132(21) A MI 750.621(16) 0.23(4) A MI 
493.177(25) 0.05000) A Ei,E2* 617.87(4) 0.047(10) A M  (+E0) 755.23(10) 0.075(16) Mi 
498.775(2) 1.25(19) A M 	. 619.27(13) 0.068(2) A 757.28(18) 0.048(11) A 
503.44(6) 0.045(11) A 619.67(4) 0.046(10) Mi. 758.38(4) 0097(16) Mi 
506.74(7) 0.045(10) A 621.45(5) 0.037(8) . 763.363(24) 0.16(3) A MI 
514.32(3) 0.096(16) Mi+E0 626.64(4) 0.055(12) A 766.6(3) 0.043(11) A 
514.991(7) 0.47(7) A Mi+E2 628.394(25) 0.084(14) Mi 768.43(18) 0.047(11) 
520.847(14) 0.102(16) A E2+Mi 629.368(15) 0.090(14) A 771.60(9) 0.069(15) 
522.218(16) 0.089(14) A MI 630.00(6) 0.061(13) A E2 773.18(13) 0.047(11) A 
523.90(5) 0.037(9) 632.41(7) 0.022(4) Mi 775.04(13) 0.052(15) A 
526.68(5) 0.033(8) A MI 643.85(7) 0.037(9) A . 	 783.56(8) 0.098(16) 
528.038(3) 0.70(11) A MI 646.422(17) 0.16(3) 784.05(9) 0.106(20) A 
533.82(3) 0.031(7) M  647.528(5) 0.64(10) Mi 785.08(8) 0.104(17) A 
534.562(15) 0.072(15) A MI 649.142(23) 0.102(16) A MI 	 . 787.13(7) 0.077(17) 
535.36(8) 0.05(1) M  655.25(4) 0.052(12) E2(+Mi) 793.04(3) 0.115(23) A 
536.336(17). 0.076(16) A Mi+E0 658.97(6) 0.040(9) A E2+M1 . 	 797.56(13) 0.063(14) A 
537.307(8) 0.28(4) Mi+E2 662.55(7) 0.043(11) 799.38(5) 0.093(16) A 
539.27(5) 0.028(7) 664.95(12) 0.032(8) E2+Mi 803.49(6) 0.103(17) 
541.11(8) 0.022(4) 667.185(12) 0.27(4) E2 807.65(4) 0.18(3) 
543.66(3) 0.033(7) A MI 668.56(10) 0.054(12) A E2+Mi 808.38(9) 0.10(3) A 
545.420(16) <0.025 A Mi+E0 672.75(12) 0.028(8) Mi 808.74(9) 0.093(16) A 
548.45405) 0.083(13) A E2-(-MI 673.96(13) 0.05(2) A 811.408(15) 0.38(6) A E2 
549.02(5) 0.041(9) 678.1(3) 0.032(10) A 814.64(4) 0.148(24) A E1 , E2* 
552.34(4) 0.024(5) Mi+E0 681.37(7) 0.096(16) A E2+Mi 816.70(9) 0.070(15) A 
554.23(5) 0.022(4) 684.131(13) 0.23(4) E2(+Mi) 820.43(7) 0.089(15) A 
555.53(5) 0.013(3) 687.658(7) 0.67(10) A E2 . 	 827.05(4) 0.141(22) Mi 
556.76(7) 0.063(13) Mi±E2 688.611(24) 0.17(3) A E2-f-Mi 834.92(5) 0.138(22) A MI 
560.875(21) 0.058(12) A 689.932(8) 0.49(8) Mi 836.56(8) 0.096(16) 
TABLE I. (Continued). 
Gamma Gamma Gamma  
energy' Intensity energy' Intensity energy' Intensity 
(keY) (per 100 n)b Multipol.0 (keY) (per 100 	)b Multipol.0 (keY) (per 100 n)b Multipol.c 
839.36(5) 0.139(22) A 	El,,E2* 921.19(24) 0.091(17) 1024.91(25) 0.069(23) A 
841.24(16) 0.041(10) 930.55(14) 0.101(18) 	MI 1029.17(18) 0.092(19) 
844.55(18) 0.042(10) A 936.17(6) 0.23(4) A 1035.23(8) 0.16(3) 
855.01(13) 0.079(17) Ml+E0 938.72(10) 0.16(3) 1039.91(20) 0.073(21) 
861.86(24) 0.042(10) A 	 . 950.11(15) 0.110(22) 1066.07(15) 0.077(25) A 	 C 
870.00(11) 0.089(14) . 952.79(6) 0.26(4) 	MI 1084.86(14) 0.14(3) 
875.54(7) 0.126(21) A 971.86(20) 0.14(4.) 1091.26(10) 0.20(4) tr 
866.15(25) 0.059(14) A 974.15(16) 
. 
0.059(18) 	A 1116.44(10) 0.17(4) 
888.49(19) 0.068(15) A 982.44(7) 0.44(8) . 1144.43(20) 0.098(23) 
905.12(9) 0.124(21) 983.46(6) 0.35(7) . 	 1186.82(12) 0.38(7) 
911.87(11) . 0.063(15) MI 1012.83(13) 0.29(6) 1220.5(4) 0.14(3) 
914.91(7) 0.148(24) A 1014.33(4) 0.41(8) 	A 	E2,E1 
918.92(11) 0.098(16) A 	E1 , E2* 1019.96(22) 0.108(20) 
tr 
'Errors of the last digits are in parentheses. The gamma energies were obtained from conversion electron measurements if the intensity is given as an upper limit 
bErrors  of the last digits are in parentheses. The listed error consists of a 15% systematic calibration error added in quadrature to the statistical error. 
CA means the transition has been assigned a place in the level scheme. An asterisk means the possible multipoiarities were deduced from an estimated upper limit for the conversion 
electron intensity. 
TABLE II. Conversion coefficients for transitions from the 230Th(n,ye) 231 Th reaction, where electrons were measured with the BILL spectrometer. 
Gamma Expt. Gamma Expt. Gamma Expt. 
energy cony, energy cony, energy cony. 
(keY) Shell coeff. Multipol. (keY) Shell coeff. 	Muitipol. (keY) 	Shell coeff. Multipol. 
148.693 Ll 1.8(3) Mi 215.638 K 1.64(25) 	MI 248.586 K 1.4(3) MI 	0 
179.297 Li 0.48(7) M  (+E2) 228.785 K 1.45(22) MI 255.365 	K 1.21(25) MI 
L2 0.17(3) 233.469 K 1.32(20) 	MI . 	 Li 0.24(5) 
Ml 0.127(19) Li 0.18(3) 259.790 	K 0.71(1) M1+E2 
185.712 K 0.066(10) El MI 0.051(8) 	 . Li 0.19(3) 
Ll 0.011(2) Ni 0.031(5) 272.181 	K 0.60(9) Mi+E2 
L2 0.005(1) 239.548 K 1.53(23) 	MI Ll 0.120(18) 
L 3 0.002(1) Li 0.28(4) L2 0.013(2) 
MI 0.001(1) . MI 0.101(15) MI 0.038(6) 
198.928 K 2.7(4) MI Ni 0.057(9) 275.132 	K 0.60(9) M1+E2 
Li 0.36(5) , 240.875 K 1.24(19) 	Mi(+E2) Li 0.159(24) 
L2 0.036(5) L 1 0.21(3) MI 0.028(4) 
MI 0.083(13) L2 0.041(6) 275.428 	K 0.73(11) Mi(+E2) 
202.111 K 2.2(3) MI Ml 0.058(9) Li 1.23(19) 
LI 0.33(5) Ni 0.011(2) 281.441 	K 0.74(12) MI 
211.608 K 1.8(3) Mi 247.586 L2 0.30(5) 	E2 282.471 K 0.034(5) El 
Li 0.39(6) L3 0.071(1) Li 0.011(2) 00 
TABLE II. (Continued). 00 
Gamma Expt. Gamma Expt. Gamma Expt. 
energy cony, energy cony. energy cony. 
(keV) Shell coeff. Multipol. (keY) Shell coeff. Multipol. (keY) Shell coeff. Multipol. 
301.741 K 0.71(11) Mi 433.927 K 0.219(13) MI 467.172 K 0.137(17) Ml+E2 
LI 0.17(3) Li 0.029(5) 468.209 K 0.13(3) Ml(+E2) 
L2 0.070(11) 436.917 K 0.340(17) Mi(+E0) 468.944 K 0.144(23) Mi(+E2) 
Mi 0.077(12) Li 0.056(3) 470.25 K 0.23(3) Mi 
307.063 K 0.045(7) El Mi 0.017(1) 475.62 K 0.070(20) E2+Mi 
317.062 K 0.71(14) Mi 438.220 K >1.5 M1+E0 479.19 K 0.045(11) E2 
318.672 K 0.23(4) E2+Mi Li >0.4 483.507 K 0.079(20) Mi+E2 
320.899 K 0.34(5) M  (+E2) L2 >0.1 485.256 K 0.21(3) Mi 
336.240 K 0.37(7) Mi 439.427 K 0.110(18) Mi+E2 Li 0.061(10) 
337.569 K 0.98(20) Mi Li 0.04(3) 490.510 K 0.200(20) Mi 
342.702 K 0.80(16) Mi 440.044 K 0.379(18) Mi +E0 491.283 K 0.036(6) E2 
343.247 K 0.164(25) E2+Mi Li 0.061(8) 498.775 K 0.17(3) Mi 
351.512 K 0.96(19) Mi Mi .0.032(4) Li 0.031(5) 
368.934 K 0.050(8) - 	 E2 - 	 443.626 K 0.20(3) Mi(+E2) 514.32 K 0.52(5) Mi+E0 
Li 0.020(3) Li 0.034(5) Li 0.240(20) 
L2 0.030(5) L2 0.009(1) 514.991 K 0.098(8) Mi+E2 
372.221 K 0.020(3) El Mi 0.006(1) Li 0.039(3) 
381.934 K 0.30(7) Mi 445.996 K 0.1r6(18) E2(+Mi) 520.847 K 0.067(12) E2+Mi 
390.662 K 0.157(24) Mi+E2 450.680 K 0.205(10) Mi(+E2) 522.218 K 0.220(20) MI 
Li 0.062(6) Li 0.025(2) Li 0.031(3) t1 
391.619 K 0.52(10) Mi 453.50 K 0.23(6) Mi+E0 526.68 K 0.20(3) Mi 
405.121 K 0.139(5) E2+Mi Li 0.16(4) 528.038 K 0.161(25) Mi 
Li 0.025(2) L2 0.070(20) L  0.029(4) 
L2 0.011(1) . L3 0.019(7) . 533.82 K 0.229(25) MI. 
L3 0.002(1) Mi 0.13(4) . 534.562 K 0.130(10) Mi 
407.899 K 0.038(2) E2 454.19 K 0.10(3) Mi+E2 Li 0.03(4) 
L  0.007(1) 456.990 K 0.051(6) E2(+Mi) 535.36 K 0.20(4) MI 
L2 0.007(1) Li 0.013(4) Li 0.04(8) 
410.252 K 0.321(23) Mi 459.22 K 0:19(5) Mi 536.336 K 1.24(25) Mi+E0 
415.460 K 0.310(20) MI 460.753 K 0.23(4) MI Li 0.18(4) 
Li 0.087(9) Li 0.031(3) 537.307 K 0.080(13) Mi+E2 
417.201 K 0.054(9) E2 L2 0.009(1) 543.66 K 0.190(20) Mi 
417.793 K 0.29(3) Mi Mi 0.011(1) 545.420 K >1.6 Mi+E0 
419.031 K 0.30(3) MI 461.571 K 0.209(12) Mi Li >0.4 
424.032 K 0.175(10) Mi+E2 Li 0.031(3) . 548.454 K 0.058(12) E2+Mi 
Li 0.080(12) L2 0.018(7) 552.34 K 0.54(4) Mi+E0 
424.43 K 0.31(5) Mi 463.085 K 0.102(16) E2+Mi Li 0.21(3) 
427.110 K 0.28(4) Mi 466.227 K 0.18(3) Mi 556.76 K 0.075(10) M  (+E2) 
Li 0.026(6) Li 0.037(6) . 567.108 K 0.78(13) Mi+E0 
428.71 K 0.66(4) M1+E0 Mi 0.014(12) Li 0.17(3) 
Li 0.19(3) 
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large conversion coefficients due to the presence of E0 ad-
mixtures in their multipolari ties. 
C. Primary y rays from thermal neutron capture 
.Primary y rays following thermal capture were mea-
sured with a three-crystal pair spectrometer located down-
stream of the GAMS  spectrometer at ILL. The pair 
spectrometer 31  consists of a Ge(Li) detector, flanked by 
two NaI(Tl) counters for coincident detection of 511 keY 
annihilation quanta. The data were taken in several 
separate runs. These spectra were combined and the re-
sulting spectrum was analyzed for peaks in the interval 
3800-5200 keY. Aluminum and carbon, materials of 
construction in the source assembly, produced strong pri-
mary capture peaks. The energies of these impurities, 
which have been determined accurately in previous 
work, 32  were used to calibrate the spectrum. The y rays 
attributed to primary transitions following thermal neu-
tron capture in 230Th are listed in Table III. 
D. Primary y rays from average resonance 
neutron capture 
Primary y rays following average resonance neutron 
capture (ARC) have been measured using a three-crystal 
pair spectrometer 32,33  at the Brookhaven High-Flux Beam. 
Reactor. The target consisted of 10 g of Th0 2 enriched to 
83.86% in 230Th. Measurements were made with a neu-
tron beam of average energy 2 keY that was produced by 
transmission through a scandium filter. Typical energy 
resolution was FWHM=5.5 keY at 4.5 MeV. The ener-
gies and relative intensities of the observed transitions are 
listed in Table III. The reduced intensities are plotted as a 




















FIG. 2. Reduced gamma-ray intensities from 2-keY average 
resonance capture (ARC) measurements. The shaded areas indi-
cate calculated intensities for gammas feeding levels with 
1 - 3 - 1+3+ 
= 2 -- (upper) and I '= -y -y (lower). 
Gamma-ray energy (MeV) 
3.8 4.0 4.2 4.4 4.6 4.8 5.0 
1.4 1.2 1.0 0.8 0.6 0.4 0.2 0 
Excitation energy (MeV) 
88 	 D. H. WHITE et al. 	 35 
with calculated intensities based on a Monte Carlo simula-
tion of the averaging process.  34  It is assumed that the 
peaks represented by the two points of highest gamma in-
tensity in Fig. 2 are both multiplets. Since the target size 
was rather small for this technique, the measurement was 
marginal in terms of being certain that transitions popu- 
lating all I = + and  -} states were observed. Inspection of 
the spectrum suggests that one may assume all negative 
parity states with I = ~ and -F have been identified up to 
1200 keV excitation. As will be shown in Sec. III, there 
are four peaks below 1 .2-MeV excitation energy in the 
ARC spectrum [corresponding to level energies of 
TABLE III. Primary gamma rays from thermal and 2-keY resonance capture in 230Th. 
denotes multipolarity.) 
(Multipol. 	- 
Thermal neutron capture Average resonance capture 
a 
r level y level y 
(keV) (keY) (rel) (keV) (rel) Multipol. 
5117.69(17) 0.36(17) 0.59(4) 
4896.82(21) 221.24(21) 0.95(8) 221.4(7) 15(3) Ml 
4870.1(3) 248.0(3) 0.34(4) 247.2(7) 13(3) Ml 
4845.92(6) 272.14(7) 2.16(11) 272.0(7) 12(3) Ml 
4769.8(5) 348.2(5) 0.50(8) 349.7(10) 8(3) Mi 
4738.1(3) 380.0(3) 1.8(3) 
386.5(5) 17(3) Ml 
4616.9(5) 501.1(5) 0.35(5) 
4581.4(7) 536.7(7) 0.20(4) 
4563.45(9) 554.62(10) 6.5(3) 555.0(3) 31(3) El 
4527.09(11) 590.98(11) 8.2(5) 591.4(7) 42(12) El 
4523.95(25) 594.12(25) 2.0(3) 595.2(9) 28(12) El 
4498.5(3) 619.5(3) 0.30(5) 619.9(3) 37(3) El 
4462.2(3) 655.9(3) 0.32(4) 
685.6(5) 20(3) E1,Ml 
4424.61(17) 693.46(17) 1.74(12) 
4404.39(11) 713.68(11) 5.1(3) 713.2(3) 34(3) El 
794.2(12) 7(3) Ml 
4297.14(21) 820.94(21) 1.10(10) 
4284.91(12) 833.17(12) 13.1(7) 834.5(8) 16(4) E1,M1 
4278.73(17) 839.35(17) 2.71(18) 840.1(14) 13(6) E1,Ml 
843.7(16) 9(4) Ml 
4271.7(4) 846.3(4) 0.50(7) 
869.9(11) 13(5) E1,Ml 
4242.45(15) 875.63(15) 2.29(15) 874.9(10) 15(5) E1,Mi 
4218.9(6) 899.2(6) 0.18(4) 
4182.51(19) 935.57(19) 0.91(7) no peak 
4175.9(9) 942.2(9) 0.17(5) 
4157.42(17) 960.66(17), 1.13(8) weak peak 
4113.98(13) 1004.11(13) 3.37(19) 1003.8(5) 18(3) E 1,M1 
4096.72(13) 1021.37(13) 3.47(19) 1021.0(3) 34(4) El 
4085.1(3) 1033.0(3) 0.47(6) 
4062.44(13) 1055.65(13) 2.45(14) 
1075.1(8) 15(4) E1,Mi 
1081.2(9) 12(4) E1,Ml 
4023.87(23) 1094.22(23) 0.69(7) 
1103.3(4) 29(3) El 
3981.82(17) 1136.27(17) 1.23(9) 1134.3(26) 9(3) (Ml) 
3962.6(4) 1155.5(4) 0.93(15) 
3958.49(12) 1159.64(12) 9.8(5) 1159.1(4) 23(3) El 
3946.19(24) 1171.90(24) 0.73(7) 1172.7(6) 17(4) E1,M1 
3924.9(8) 1193.2(8) 0.19(6) 
3917.71(17) 1200.38(17) 1.47(10) 1202.0(8) 11(3) E1,M1 
3904.26(21) 1213.83(21) 1.28(10) 
3899.07(24) 1219.02(24) 1.06(10) 1219.1(32) 7(3) (Ml) 
1222.0(29) 8(3) (Ml) 
3866.66(17) 1251.43(17) 1.23(9) 
3843.6(4) 1274.5(4) 0.51(8) 1271.3(6) 14(3) El 
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349.7(10), 386.5(5), 843.7(16), and 869.9(11) keY], where 
no conclusive evidence was found for the existence of a 
level from either thermal-capture or (d,p) spectroscopy. 
Although the ARC spectrum was checked rigorously for 
the presence of contaminant lines, these peaks may possi-
bly be spurious since one would expect to find corroborat-
ing evidence for levels with I <+ from the other experi-
mental probes, especially at the lower excitation energies. 
E. Proton spectra from the (d,p) reaction 
The proton spectra from the 230Th(d,p) 231 Th reaction 
were measured by use of a quadrupole three-dipole (Q3D) 
spectrometer  35  at the Princeton cyclotron facility. The 
target consisted of 100jig/cm  2 23°Th (isotopic purity 
>99.9%) deposited on a 40pig/cm  2 carbon backing. The 
detector in the Q313 spectrometer consisted of a 60-cm 
resistive-division position-sensitive gas proportional 
counter filled with 0.3 atm pure propane backed by a plas-
tic scintillator. The position accuracy of the proportional 
counter was better than 1 mm. Particle identification was 
obtained by examining the total proportional counter sig-
nal versus the scintillator signal. 
The energy of the incident deuteron beam was 20 MeV. 
Spectra were collected at 5° intervals from 15° to 75°, typi-
cally requiring 2 h per run. An overall resolution of 10 
keY was obtained. A typical spectrum is shown in Fig. 3. 
The excitation energies corresponding to observed peaks 
and measured cross sections are listed in Table IV. Rela-
tive cross-section values were obtained by normalization 
to the elastically scattered deuteron peak which was 
recorded during short exposures taken before and after 
each run. Due to some problems with the solid-state 
detector used for this purpose, the data at higher angles 
(60°-75°) had to be renormalized; the intense peak at 326 
keY, which involves an 1=4 angular momentum transfer, 
was used for this renormalization. The experimental cross 
sections were put on an absolute scale by normalizing to 
calculated values for the 248- and 271-keV peaks 
(0=40° ), which are the first two members of the +[ 631 ] 
band in 231 Th. This absolute scale, which appears in 
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FIG. 3. The proton spectrum obtained with a Q3D spectrom-
eter from a measurement of the reaction 230Th(d,p)231 Th; 
Ed = 20 MeV and 0=40°. 
0 20 40 60 80 100 	0 20 40 60 80 100 
Center of mass angle 0 (deg) 
FIG. 4. Differential cross sections for selected levels popu-
lated by the reaction 23GTh(d,p)23ITh  as a function of angle 0. 
III. EXCITED LEVELS OF 231 Th 
The thermal neutron capture reaction in a 230Th target 
produces a capture state in 231 Th with spin and parity 
~ . In the 7-ray cascade that follows capture, levels with 
low spin are populated with greatest intensity. In the 
present work, the experimental sensitivity was sufficient 
to detect y rays populating most levels with I = 
A first step in interpreting the capture-7/ spectroscopic 
data was the construction of a model-independent level 
scheme based on the following principles: (a) Derivation 
of precise level energies using the Ritz combination prin-
ciple (this technique becomes more powerful as the pre-
cision of the 7-ray energy determination increases; the 
precise results obtained with the curved-crystal spectrom-
eters are an important feature in the success of the 231Th 
level scheme derived here). (b) Use of experimental transi-
tion multipolarities or, if not determined as in cases of 
weak lines, the assumption that uncharacterized transi-
tions are predominantly either El, E2, or MI, plus inten-
sity considerations, to limit possible spin and parity 
values; it was assumed that the spins and parities of the 
ground state K'=+ band and the 186 keY K=+ 
band are well established; levels with I > i  are not ex- 2 
pected to be observd via secondary y lines. (c) Deter -
mination of I"=-- ,+ levels from average resonance 
and thermal neutron capture data; levels below 800 keY 
not observed by ARC were assumed to have I > 
-. 
(d) 
Independent confirmation of a level's existence from a 
TABLE IV. Differential cross sections for the 230Th(d,p) 231 Th reaction; Ed = 20 MeY. 
Proposed 
E1evci° 	 config. 	 do/dfl (sib/sr) 
(keY) assign .b 100 	15° 	20° 	25° 	30° 	35° 	40° 	45° 	50° 	55° 	60° 	65° 	70° 	75° 
9() +,+[633 ] 
162(2) -- ,+[633] 
186(2) -- ,+[ 752 ] 
205(3) +,+[752 ] 
225(3) -,--[63l] 
240(1) -,--[631] 
248(1) +, - [631 1 
271(1) +,+[631 ] 
280(3) -- , + [7521 
301(1) --,--[631] 
317(1) +, - [622] 
326(1) - t+[ 631 ] 
335(2) -L3 ,+[ 752 ] 
351(1) jt+[631 ] 
380(1) +,+[622] 
403(2) L1 5.r72] 2 	'21 	' 
449(1) 2- ',+[ 622] 
465(2) 
490( 3 ) -t -- [631 ] 
530(3) -L' - - [ 743 ]& - ,+[ 622 ] 
555(1) +,+[501 ] 
568(3) 
579(1) +, - [ 624 J 
592(2) +,+[761 J& - ,+[ 501 ] 
622(3) --[631] x0&--, - 1 [752] x0 
653(3) -,--[761] 
684(2) -- ,+[503] 
704(2) IS - 	 7 -- 
724(3) +,+[770] 
12 8 9 10 8 9 5 6 6 7 
18 8 8 12 18 26 26 18 20 19 23 17 14 
3 9 13 3 2 2 
5 3 2 5 
5 4 9 6 5 5 10 7 5 
23 66 77 82 88 80 97 63 51 105 93 57 78 37 
32 38 85 103 72 116 126 181 116 • 57 58 84 48 50 
203 221 198 256 297 420 298 303 213 244 198 194 114 101 
28 48 65 36 52 36 41 39 35 44 22 39 38 
15 24 27 36 41 29 30 21 24 24 20 15 11 
13. 30 32 19 23 18 24 22 55 20 48 13 
126 230 386 330 397 340 442 290 352 271 268 216 195 
12 32 33 25 27 42 84 21 28 23 24 24 
M 
12 31 37 43 34 32 37 28 23 17 17 17 14 
22 34 31 16 24 25 13 14 16 12 10 10 
10 23 18 32 34 39 47 32 46 30 32 
156 165 179 156 204 160 152 133 131 111 105 
22 14 16 21 22 27 21 32 20 20 
15 10 18 21 21 11 18 22 24 21 22 
28 6 5 12 5 14 11 
62 57 45 50 45 43 43 39 27 26 
13 10 7 17 10 7 14 11 
170 158 148 192 146 152 105 110 68 78 
• 	 35 39 38 38 35 33 32 35 11 14 
12 16 16 7 12 4 5 
14 12 20 13 20 18 1 9 8 
• 14 8 31 20 15 18 21 12 10 
11 16 24 19 16 22 24 11 12 
12 16 8 9 6 6 10 7 
	
• 	 TABLE IV. (Continued). 
Proposed 
Elevel a 	 config. 	 dcr/dI.l (jib/sr) 
(keY) assign) 10° 	IF 	20° 	25° 	30° 	35° 	40° 	45° 	50° 	55° 	60° 	65° 	70° 	750 
745(3) 12 18 14 13 18 21 10 6 5 
802(2) 27 30 40 36 21 23 22 20 15 
813(3) 	 . 8 24 27 17 14 8 16 17 13 
837(3)--t+[631]x0 - 29 29 32 15 20 23 21 17 18 	z 
867(2) 58 50 56 44 47 53 43 32 35 
881(2) . 53 45 47 25 32 30 30 23 19 
893(2)-L',-[640]&--[631]x0 30 22 26 18 18 25 19 10 7 
947(3) 15 18 19 13 15 11 13 10 12 9 
965(5) 	-,--[640]&+[631]x0 . . ' 15 21 16 16 16 22 13 
' 981(3) 18 7 15 9 4 12 11 7 8 
1002(3) 7 19 19 26 10 19 16 24 '8 
1016(3) . 30 42 45 55 43 35 27 33 33 21 	0 
1058(2) 	 . 30 84 97 109 71 21 69 41 34 	. 19 
1067(2) 51 18 24 37 47 94 34 62 31 28 
1087(3) 29 43 24 20 11 26 22 26 13 5 	It 
1101(2) 33 	' 22 73 83 54 62 49 48 34 33 0 
1114(3) 22 25 35 19 35 13 17 16 12 
1162(2) 22 25 27 37 32 38 29 31 18 7 
1175(2) 	 . , 17 22 17 49 26 17 23 20 22 24 	- 
1202(2) 121 71 76 73 67 40 56 27 34 
1213(2) 	 . 46 97 117 84 89 75 49 54 47 
1226(2) 25 30 29 28 11 31 9 7 17 
1282(3) 	' 68 44 65 31 40 36 29 28 
1329(2) 33 110 52 38 37 21 33 19 27 35 
1339(2) 71 109 97 122 129 92 94 84 74 64 
1350(2) 70 84 105 107 93 91 83 58 61 
1366(4) - 25 61 '  61 43 71 32 28 18 21 
1376(5) . 	 . 24 31 22 14 17 
1390(5) 74 48 16 28 28 21 18 
1404(5) 24 	93 90 208 100 126 54 88 93 44 35 
1414(5) 	' 82 39 59 110 89 62 82 48 
'Uncertainty shown in parentheses. 
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FIG. 5. Positive-parity levels in 231 Th assigned to rotational bands and depopulating transitions. Estimated confidence in configuration assignments: well established—+[633], 
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FIG. 6. Negative-parity levels in 231 Th assigned to rotational bands and depopulating transitions. Estimated confidence in configuration assignments: well established--! 
+[743], --[76l], + 	 -- [ 501 1; plausible---[77O], 	[5Ol]; speculative— 	[631]xO – , -{752]xO, -- [5O3J. 
TABLE V. Gamma decay of levels in 231 Th. 
E, E1 E I E1 E1 E1 
 
IY 
(keV) I, a (keV) ija (keY) (per 100 n) Multipol.b (keY) 17 a (keY) II   (keY) (per 100 n) MultjpOl.b 
186 -- 0 186 18;0 El 352 
7 + 
2 0 2 352 0.02 Ml 2 2 
42 144 3.2 El 42 T 310 0.04 El,E2* 2 
96 T  + 255 0.03 Ml 
205 T 0 205 0.35 El , E2* 
42 163 0.41 E1 , E2* 378 96 T 281 0.09 MI 2 
221 - 
3 
+ Y 0 + -Y 221 9.59 Ml 388 - 186 - 202 0.21 Ml 2 2 
241 0 241 2.6 M1(+E2) 205 183 0.08 2 2 
42 2 199 1.8 Ml 511 42 469 0.13 Ml(+E2) 
248 + 0 +-Y  248 0.14 E2 555 .186 + 369 E2  0.77 2
248 2 307 1.63 El 
272 -- 2 0 2 272 0.62 Ml+E2 272 
3+ 
-y 282 2.15 El 
42 230 0.03 591 -- 186 405 1.00 E2+Ml 2 2 
205 2 386 0.25 Ei,E2* 
275 T 0 T 275 0.17 M1(+E2) 302 2 289 0.03 
42 + T 233 0.68 Ml 
96 T 179 0.27 M1(+E2) 594. -- 186 408 1.56 E2 2 2 
221 2 372 0.64 El 
302 T 0 T 302 0.39 Ml 
42 T 260 0.14 Ml+E2 596 186 T 410 0.08 Ml 
221 T 80 0.20 
2 
205 391 0.17 Ml+E2 
221 
-L+ 
2 375 0.06 
E1,E2* 
317 5 + T 0 + T 317 0.03 Ml 272 + T 324 0.27 Ei,E2* 
42 + T 275 0.65 . 
MI +E2 352 + T 244 0.05 E1,E2* 
241 2 76 0.13 620 
3 
-y 186 1 434 0.20 MI 
- 221 398 0.07 El,E2* 
325 + -- 96 + -y 229 0.09 .Ml 302 
-y 
318 0.02 2 
317 5+ 303 0.05 El,E2* 2 
LA 
TABLE V. (Continued). lw 
E1 E1 Er  IY  E, E E 
(keV) JiTa (keV) iy a (keY) (per 100 n) Multipol.b (keV) I v a (keY) IJa (keY) (per 100 n) Multipol)' 
624 186 438 Mi+E0 720 - 186 - 535 0.07 Mi F - -- F 
205 + 419 0.01 D 205 - r 515. 0.47 M1+E2 
275 2 445 0.08 Ei,E2* 
629 - F 0 -- 629 0.09 302 F 419 0.01 D 
z 
186 - 1- 444 0.94 M1(+E2) . 735 5+  F 248 F 488 0.06 E1 , E2* 	T 205 - 424 0.36 Mi+E2 . 
.272 3+ F 463 0.10 E2+M1 
634 - F 186 - 448 - 	0.02 
302 2 434 0.14 Ei,E2* 
205 -- 429 0.02 Mi+E0 
793 1+ F 0 
5+ 
F 793 0.12 
656 
7 - 
F 186 -- 470 0.04 
248 1 F 
+ 
 545 0.08 M1+E0 
237 -- 419 0.05 Mi 272 
3+ 
F 521 0.10 E2+M1 0 
302 F 491 0.34 E2 
684 
5 - 
-y 186 -- 499 1.25 Mi ITI 
205 809 
• 	+ F + F 808 0.10 Pd . 479 . 012 E2 D 0 
42 
+ 
-y 767 0.04 
688 F 0 688 0.67 E2 
221 F 587 0.08 Mi 
z 
t•rj 
221 -- 466 0.55 Mi(+E2) 
248 
+ 
-y 561 0.06 
248 ++ 440 0.12 Mi+E0 
272 3+ F 536 0.08 Mi+E0 
0 
Z 
272 415 0.08 Mi - 
302 
5 
F 507 0.05 
352 F 457 0.01 E2(+M1) 
821 ++ 0 820 009 
709 
3 + 




221 -- 599 
241 -- 468 0.07 M1(+E2) D 248 -- 573 0.24 Mi+E0 
272 -- 437 0.28 M1(+E0) 317 503 0.04 
317 392 0.05 
F 
833 - F 221 + F 612 0.09 
714 
3- 186 -- 528 0.70 MI . 248 1+ F 586 0.11 F 
272 -- . 442 0.03 . 555 F 279 0.03 
388 + 326 0.17 594 240 0.40 Mi - 
TABLE V. (Continued). '0 0 
Ei E1 E7 
 
IY E1 E Er IY 
(keY) I (keV) IJ' (keY) (per 100 n) Multipol." (keY) [J (key) (per 100 n) Multipol." 
839 3+ 0 
-1- 
- 839 0.14 Ei , E2* 186 F 775 0.05 F 
42 
7+ 
F 798 0.06 221 
3+ 
F 739 0.14 M1+E0 
221 
3+ 




3+ 567 0 : 10 M1+E0 248 2 713 0.20 M1(+E2) 
317 
5+ 
522 0.09 Mi 272 
3+ 
F 689 0.17 E2+M1 D F 
555 2 285 0.03 302 
5+ 
F 659 0.04 E2+M1 
317 -y 644 0.04 
867 F' 186 681 0.10 E2+Mi 1004 -y 241 F 763 0.16 Mi 
- F 237 - F 630 0.06 
E2 
378 + F 627 0.06 
388 
7- 
F 479 0.12 
E2 	- D 




+ 876 0.13 
2 
221 + 799 0.09 
555 F 321 0.10 Mi(+E2) 
- 
248 - 2 773 0.05 
620 
' 
F 256 0.03 Mi 427 0.10 m  - 
890 + F 221 + F 669 0.05 - 684 
F 
- 336 0.04 Mi 
T1 
241 + F 649 0.10 Mi 
F 
275 + F 615 0.13 Mi 1056 3 
+ 42 7 + 1014 0.41 Ei,E2* F F 
221 + F 835 0.14 Mi D 
915 F 0 
5+ 
F 915 0.15 248 + -- 809 0.09 
186 2 729 0.08 Mi+E2 272 3+ -- 784 0.11 
237 2 678 0.03 
- 	1066 (!)+ 0 F 1066 0.08 241 2 674 0.05- 
936 - 0 + 936 0.23 42 
7+ 
2 1025 0.07 F 







619 0.06 317 F 749 0.10 Mi F 
378 2 2 689 0.17 E2+Mi D 
388 548 6.08 E2+Mi F 
594 - - 343 0.03 Mi 	
- 1074 3 - F 186 2 888 0.07 
961 	 42 919 	0.10 	Ei,E2* 	D F 
317 F 	757 	0.05 
591 F 	484 	0.06 	Mi+E2 
Ru 
TABLE V. (Continued). 
Ej 	 E1 	 Er I,, 	 E• 	 E1 	 EY I 
(keV) I' 	(keY) IJa 	(keV) 	(per 100 n) 	MultipoL" 	(keY) jira 	(keY) If a 	(keY) 	(per 100 n) 	Multipo l . b 
1081 	, 	555 -- 527 0 .03 MI 	 1133 
I + 	3 + (- 	'T 	' 248 2 886 0.06 
T - 	591 - T 491 0.06 Mi + ) T 272 - 862 0.04 D 2 
594 T 488 0.06 E1,E2* 	T 317 817 0.07 2 
5+ 




815 0.15 E1,E2* 	 1160 - 186 i— 974 0.06 






2 919 0.10 E1,E2 	D 
302 T
5+ 
785 0.10 7' 714 ' 446 0.14 
-
1 -Y E2(+Ml) 
378 
+ 
 709 0.56 E2+M1 
594 1 F 493 0.05 E1,E2* 	 1173 388 2 785 0.10 T 2 2 
629 1 54 0.03 Ml 
-  1102 	 241 F + 862 0.04 D 684 - F 489 0.02 
317 F  785 0.10 T 714 F 459 0.05 Mi 
620 F 483 	. 0.03 
634 -L - 2 468 0.08 Ml(+E2) 	D 
684 - Y - 418 0.05 MI 
714 F 388 0.08 - 
aSp i n  and parity values listed are for the assigned Nilsson configuration (see Table VI for details). 




Level 	independent Energy 
energy' spin 	(prim. y 
(keV) 	and parity  	(keY)  
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TABLE VI. Energy levels in 231 Th. 
Tot. 	Tot. 	Energy 
pop. depop. (d,p) 	Other experimental 	 Config. 
(per 100 cap.) (keY) observations' Confid.d 	 assign. 
0.0 5 + 77 TC dt a A + --[633] 2'2 
41.952(2) 7 + -y 15.6 dt a A + 	[633] 2 




161 . 94(4)e 11+ 162(2) dp dt a A 




2 10.3 22.7 186(2) dp dt- a A 
- 
-y 	, 7 [752] 
205.310(2) 2 1.7 0.8 205(3) dp a A -- ,+[ 752 ] 
221.398(2) -y
3+ 
221.3(2) 2.5 29.5 225(3) TC RC dp a A 
3+ 	3 
236.954(31) 2 - 0 .2 a A 1[752] 2 	'2 
240.881(2) -- 2 	2 0.7 14 240(1) dp dt haa A 
5 + 	3 
-y 	, -y[ 63 l] 
247.583(2) 
1+3+ 
-- ,-- 247.8(4) 2.9 0.2 248(1) TC RC dp A 
1+1 
- 	 , -y[ 63 l] 
272.180(2) 1- 
+ 
272.1(1) 4.2 1.2 271(1) TC RC dp dt A -y
3+ 
 , 'T [ 63 l] 
275.425(2) 7 + - 0.6 2.6 a A 7 + --[631] ' 2 




 [752 -y- - , 2 
301.744(2) 2 	2 0.7 1.3 301(1) dp dt A 











-y , -y 0.1 326(1) dp dt haa A 
9+3 
-y 	[ 63 l] , -y 
335(2) 335(2) dp a B 
13 - 	5 
-- 	,-y[7S2] 
351.511(6) -- 0.2 0.2 351(1) dp dt A - ,+[ 631 ] 
377.577(8) 9 2 	2 0.8 0.2 380(1) dp dt a B 
7 
 + , 
5 
- [ 622 ] 
385 .69(5)e a C ' 	, --[631] 2 
387.827(2) 
- 	- 
- 	 ,-y 0.6 0.8 a A 
' - 	2[743] 2 
403(2) 403(2) dp dt ha B 
IS 
-y-  -, -Ly[  7 S 2 ] 
449(1) 449(1) dp dt C 
5 2- + ,  -y[622] 
452 . 18(2)e a A - 1 [743]2 	' 2 
490(3) 490(3) dp dt C 
11+1 
-i-- 	, -y[ 63 l] 
510897(10)f 0.1 C -t -- [ 624] 
530(3) 530(3) dp a C -- 	 , -y[ 743]& -t -- [ 622 ] 
554.651(2) 13 ,-y 554.7(2) 0.2 7.1 555(1) TC RC dp dt 13 A - , -- [ 501 ] 
580(1) 579(1) dp dt ha C -y
9+  , 7T [624]  





593.617(2) -1- 	,- 
3 
 - 
594.3(3) 1.5 2.3 592(2) TC RC dp dt 13 A +,+[501] 
595.974(2) -- 0.7 B 2'2 
619.638(4) -
3 - 619.8(2) 0.1 0.4 622(3) (TC) RC dp dt D 
623.937(18)' -y 0.1 622(3) dp dt D -y 	,[ 752 ]x 0 
629.342(2) 5 --  7 1.7 B - --[761] 7 	'2 
7 0.1 0.1 D T'2 
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TABLE IV. (Continued). 
Model 
Level independent Energy Tot. Tot. Energy 
energy spin (prim. y) pop. depop. (d,p) Other experimental Config. 
(keY) and parity 1' (keY) (per 100 cap.) (keY) observations' Confid.d assign. 








y 685.6(5) 0.2 1.6 685(2) RC dp dt D - 	,-- -[503] 
687.631(3) 2 	2 0.2 1.6 (dt) B 
I + 	I 
-y 	(T[ 63 l]x 0 & - [ 633 }X 2 ) 
704(2) 704(2) dp dt B 15 	7 --,--[743] 
709.099(4) 
3+5± 
 Y  0.6  dt  B  
 3±! 
 --  	(T[631JX0&+[633]X2) 
713.753(2) 3 - -y 713.6(2) 0.3 1.5 TC RC C ,+[ 770 ] 
720.298(5) -y 	-y 
5 - 7 - 
0.8 724(3) dp dt C --,--[770] 
735.263(6) 
5+ 











,-y 794.2(1) 0.6 RC C [ 640]&+[ 631 ]x 0 ) 
808.507(8) 
3+
T 0.6 C 
-1 
 (+[64O]&+[631Jx0) 
813(2)e dt ha C ,-- -[770] 
820.544(7) 
1±3+ 
-- 	,-- 820.9(2) 0.6 TC B 
833.168(4) -y 	-y 833.3(2) 1.4 TC RC (dp) C +, -- [ 770] 
839.304(8) 
3± 
-y 839.4(2) 0.5 837(3) TC RC (dp) dt B 
3+ 	1 
-y 	,T[631]X0 
854(4 )e dt C +(+[64O1&+[631]x0) 
875.549(4) 3 - -y 875.5(2) 0.3 TC RC dt C 1- - j[50l] 
889.998(12) 
5+ 7± 
-y 	, -y 0.1 0.7 893(2) dp dt C --- [ 640 J&+[ 631 ]X 0 ) 
914.904(40) -- 2 	2 0.3 dt ha C -- ,+[ 501 ] 
960.807(11) --
3 + 
960.7(2) 0.8 TC (RC). dt C +t+[ 631 ]x 0 
970(4) 965(5) dp dt C +( - [640]&fl6311x0) 
1004.236(20) 
3+ 
-y 1004.0(1) 0.2 1002(3) TC RC dp dt 
1020.728(5) -3 y - 1021.3(2) 0.5 TC RC dp dt 
1033(4)C dt C - ( -- [ 640 ]&+[ 631 }x 0 ) 
1056.30(3) 
+ 
- 3y 1055.7(1) 0.8 1058(2) TC 	dp 
1066.19(2) 
5 
(-y + ) 0.5 1067(2) dp 
1074.35(2) 1 1075.1(8) 0.2 RC 
1081.33(2) --- -- ,y 1081.2(9) 0.2 RC 
1084(4)C dt 	C - 	,--[761] 
1086.812(10) 
5± 
-2  1.3 1087(3) dp dt 
1102.25(1) -y 1103.3(4) 0.4 1101(2) RC dp dt ha 
1133.81(8) T 	-- 	--
1+ 	3+ 	5+ 
1134(3) 0.8 (TC) RC 
1159.750(7) 3 -1y 	, -y 1159.5(2) 0.3 1162(2) TC RC dp 
1173.00(2) -y
3- 
1172.1(4) 0.2 1175(2) TC RC dp 
'Energies obtained from a least squares fit of level energies to transition energies. 
bSee  text (Sec. III, second paragraph) for explanation of method for making model independent spin and parity assignments. 
CTC denotes thermal neutron capture, RC denotes average resonance capture, dp denotes (d,p) reaction, dt denotes (d,t) reaction, ha 
denotes ( 3He,a) reaction, a denotes alpha decay, and 6 denotes beta decay. 
dEstimated confidence in evidence for a level's configuration assignment: A denotes well established, B denotes probable, C denotes 
plausible, D denotes speculative. 
eListed energy taken from previous experimental determination. 
Based on present evidence, existence of level considered tentative. 
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particle spectra, a or f3 decay y rays, or single-nucleon 
transfer reactions (d,p), (d,t), and ( 3He,a). Thus, the 
model-independent level scheme is based on proven physi-
cal concepts. 
A level scheme consisting of 57 levels with configura-
tion assignments and within which 157 transitions are 
placed was established from the present experimental 
data. The y decay of 51 levels is given in Table V; also, 
depopulating transitions from those levels assigned to ro-
tational bands are shown in Figs. 5 and 6. All levels as-
signed to 231 Th are listed in Table VI, along with a sum-
mary of the evidence for their existence. The model in-
dependent spin and parity assignments are given in 
column 2 of Table VI. The level energies and uncertain-
ties in Table VI were determined from the present (n,y) 
data and calculated from a least-squares fit of energy 
differences to the complete set of' transition energies. 36 
Also given in Table VI are the total observed transition 
strengths that populate or depopulate a given level. For 
many levels, but especially for certain low-lying ones, the 
population and depopulation strengths are quite different. 
This can be understoOd in terms of low-energy transitions 
(often having large conversion coefficients) that were not 
detected in the present study, even though the conversion 
electron spectrum was scanned to rather low energies. A 
few very intense transitions that follow 231 Th 13  decay ap-
parently obscure those in question. Configuration assign-
ments are given for most of the levels, along with an indi-
cation of the authors' confidence in the validity of the as-
signments (well established, probable, plausible, or specu-
lative), in the last two columns of Table VI. 
With the inclusion of primary transition in the level fit, 
an experimental neutron binding energy of 5118.13±0.20 
keV was determined for 231Th. The major part of the un-
certainty is due to the systematic error in the aluminum y 
rays used for calibration. This result is consistent with 
the value 5120.5±2.6 keY derived by Wapstra and Bos 37 
from previous measurements. 
In previous 235U (Refs. 6-8) and 231 Ac (Refs. 10 and 
11) decay studies, level energies were determined by use of 
Ge(Li)-detector spectroscopy for approximately 17 excited 
levels (arranged in six rotational bands) below 600 keY 
and with 1= <--. 
IV. ASSIGNMENT OF NILSSON ORBITALS 
TO ROTATIONAL BANDS 
A. Level structure from model calculations 
- The arrangement of experimental levels into rotational 
bands and their assignment to Nilsson orbitals was guided 
by Nilsson model calculations for 231 Th and by compar-
ison with observations for neighboring nuclei. Three such 
calculations, made previously by other authors who em-
ployed various potential forms (modified oscillator, 38 fold-
ed Yukawa, 38 and Woods-Saxon 39"10 ), are summarized in 
Table VII. 
For the first seven configurations listed in Table VII 
(through 1- + [624]) and for the -- [76 1] configuration, the 
calculated bandhead energies for a given configuration 
agree reasonably well (with energy spreads ranging up to  
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FIG. 7. Positive-parity level in 231 Th assigned to rotational 
bands with NilssOn configuration assignments. Estimated confi-
dence in configuration assignments: well established--! '[633], 
-1 [631], 	-- i631 ]; 	probable--! + [622], 	- [633Jx 2 , 
--[631]x0; plausible—[624], --[640], - [631 ] x 0 . 
FIG. 8. Negative-parity levels in 231 Th assigned to rotational 
bands with Nilsson configuration assignments. Estimated confi-
dence in configuration assignments; well established—+[752], 
+ [743], 	-[761], ---[50l}; plausible---'[770], --[501]; 
speculative--1  [63 1] x0, -L_[752]X0+,    -- [503]. 
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TABLE VII. Experimental and calculated bandhead energies in 231 Th. 
Calculated bandhead energies (keY) 
Expt. 	Decoupling 	 Fraction 	 Other 
energy parameters' Potential form 	indicated important 
Config.a 	 (keY) 	Expt. 	Caic. 	MOC 	FY" 	WSe 	config! 	componentse 
1[633] A 0.0 0 40 0 91% -- 
-[752] A 185.7 20 0 220 92% 
-[63l] A 221.4 45 170 230 94% 
A 247.6 +0.09 -0.39 250 380 240 72% 20% -f[631]x0 
-[622] B 317.1 420 470 790 47% 46% -[633]x0 
-[743] A 387.8 260 300 310 90% 
-[624] C 510.9 520 830 560 80% 
-- [50l] A 554.7 +0.93 +0.87 1075 400 670 47% 19% --[752]x2 
-- [761] A 590.8 645 750 720 74% 10% +[631 ]x 0- 
-[63l]x0- D 619.6 
-- [ 752 ]x 0 D 623.9 950 76% 13% --[503] 
' - [503] D 684.5 1420 960 
+[633]x2 B 687.6 
C 793.0 -0.25 +0.16 1120 610 50% 30% --[640]x0 
' -- 	[631]x0 B 820.5 
--[770] C 833.2 -7.2 -7.28 1150 1290 760 58% 10% --[503]x2 
--[50l] C 875.5 1160 
-- [ 631 ]x 0 C 960.8 880 73% 18% --[642] 
aNjisson  configuration assignment and level of confidence: A denotes well established, B denotes probable, C denotes plausible, and 
D denotes speculative; discussion of these assignments is given in Sec. IV. 
bWoods Saxon  potential, c2 =0.191, e4 = -0.044, Ref. 40. 
'Modified oscillator potential, c2 =0.18, e4 = -005, Ref. 38. 
'Folded Yukawa potential, e2 =0.195, E4= -0.05, Ref. 38. 
'Woods -Saxon potential plus quadrupole phonon interaction, E 2 =0.19, E4= -0.077, Ref. 39. 
By "indicated configuration" we mean the configuration listed in column 1. The composition given in columns 8 and 9 is from Ref. 
39. 
370 keY). Thus, the sequence of these bandhead energies 
is predicted with only moderate ambiguity between-poten-
tial forms. For configurations at higher energies, the de-
viations between the various calculations are somewhat 
larger. Calculated decoupling parameters for three of the 
K = ~ bands are also listed in Table VII.' 
The results of the data interpretation are presented 
next; the rotational bands, their configuration assign-
ments, and sources of supporting experimental evidence 
are summarized in Figs. 7 and 8. 
B. Positive parity bands below 600 keY 
1. -
1
[633]: 0, 42, 96, and 162 keV 
In previous studies of 235U a decay48 and transfer re -
actions  12- 16  these levels have been established as rotation-
al band members and given a ++[633]  orbital assignment. 
The regular spacing of these levels indicates a K = ~ band 
with rotational parameter A = 6.00 keY. 
2. 4-[631]: 221, 241, 275, 325, and 386 keV 
These levels were established previously in 235U a decay 
studies 4-8  and were assigned to the  ~ [631] orbital. 
Transitions that feed or depopulate the four lowest levels 
have been identified in this work. The observed level 
spacings indicate extreme compression of the band, a re-
sult of Coriolis mixing. 
3. _
L 
 [631]: 248, 272, 302, 352, and 490 ke V 
In previous studies this band was proposed to consist of 
levels at 248, 272, 317, 378, and 445 keY with a regular 
spin sequence +---. From the energy spacings of this 
proposed sequence, one derives a value of A= 8.6  keV for 
the rotational parameter,which is much larger than corre-
sponding values (6.3 keY) for this configuration in 235U 
and .233Th. Since the present experiment has produced 
evidence for new levels at 302, 352, and 490 keY, the na-
ture of the ~ [631] band becomes more clear with their 
assignment to the I = +, -i-, and -- band members, 
respectively. The level spacing in this band can now be 
described approximately by the parameters A = 6.78 keY 
and a = + 0.12. All of the levels assigned to this band 
were'observed in the (d,p) spectrum. 
Experimental values for the decoupling parameter of 
this orbital have been reported for 11 actinide nuclei 40 and 
are plotted as a function of mass number A in Fig. 9. Be- 
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members of the band, have experimentally deduced sin 
andparity assignments that are c onsistent with I= + 
and T 
. 
All four levels are observed in the (d,p) spec-
trum; the 449-keV level, in particular, is strongly popu-
lated and its angular distribution data are consistent with 
an angular momentum transfer of 1=4. 
In studying the 232Th(d,0 231Th reaction, Grotdal 
et al.  15  observed peaks corresponding to the 378- and 
449-keV levels and assigned them -L' +[631] and 
++[6 31 ] configurations, respectively. Neither assign-
ment is consistent with the energy spacings expected in 
these rotational bands as constructed in this work. Thus, 
these peaks are assigned here to the ~ + [622] band. Even 
though the predominantly particle nature of the band is 
demonstrated by the large value for the ratio of (d,p)/(d,t) 
reaction cross sections, population of the 378- and 449-
keV levels by the (d,t) reaction occurs apparently because 
of the diffuseness of the Fermi surface and the Coriolis 
interaction. - 
FIG. 9. Experimental and calculated values for the decou-
pling parameter of the +[631]  band in actinide nuclei. 
ginning with the value for 227Ra, + 0.62, these paramc-
ters show a regular trend, becoming more negative with 
increasing A. The new experimental value for 231Th is 
consistent with this trend. 
Of the calculated values shown, those from Chasman 
et al. 40 (Woods-Saxon potential) agree well with experi-
ment, particularly for the two heavier nuclides 239Pu and 
245Cm. In the present work, decoupling parameters were 
calculated employing a modified oscillator potential and 
assuming ground-state deformations as reported in the 
literature,  41  for the following nuclei: 227 R (E2 =0.16, 
E4= —0.058), 231Th (e2 =0.19, e4 = —0.060), 239Pu 
(c2 =0.21, E4=-0.03 9), 243Pu (e2 = 0.22, e4 = —0.024), 
and 245Cm (e2 =0.23, E4= —0.021). As can be seen in the 
figure, good agreement with experiment is obtained only 
for 245Cm. The + [631] decoupling parameter is quite 
sensitive to hexadecupole deformation (e.g., see the discus-
sion by Chasman et al."° ). Thus, one can obtain agree-
ment with experiment for 231Th by reducing the amount 
of hexadecupole deformation to c4 = —0.01. Whether this 
result should be considered evidence that 231 Th in the 
+[631 ] state has less hexadecupole deformation than in 
its ground state, or that the calculated ground state defor-
mation is somehow incorrect, is difficult to decide. In as-
sessing the effect of configuration changes on nuclear 
shape, Nielsen and Bunker  42  obtained differences in e 4 of 
less than 0.02 units when calculating excited-state versus 
ground-state deformation. 
4. --[622]: 317, 378, 449, and 530 keV 
This orbital has not been identified in previous studies 
of 231 Th. Various calculations (given in Table VII) place 
the bandhead at 420, 470, and 790 keV. The levels at 317 
and 378 keV, which are proposed, to be the first two  
5. -[624]: 511 and 580 keV 
This orbital has not been assigned in previous studies of 
231 Th. Calculations (Table VII) place the bandhead vari-
ously at 520, 560, and 830 keV. In the N=133 nucleus 
233Th, the -!+ [624] bandhead is found at 337 keY, 19 and 
the levels of this band mix strongly with those of the 
5+ -- [633] orbital, for which the bandhead energy is 262 
keV. Evidence for the existence of the + [624] band in 
231Th was obtained from the observation of an intense 
peak at 579 keY in the (d,p) spectrum. This level is as-
signed to the I = -- member of the band, based on calcu-
lated cross sections for its (d,p) population and expected 
energy. The ~ level in this band is expected at approxi-
mately 511 keV, an energy where a gamma transition to 
the ground state will be masked by the relatively intense 
annihilation radiation peak in the spectrum. A gamma 
line is found, however, at 468.94 keV, corresponding to 
the decay of a 510.89 keY level to the 42-keY -1+ level 
of the ground state band. Thus, the energy of the ~ 
+ 
bandhead level for this orbital is tentatively assigned as 
511 keY. 
6. Three K'=4- + bands: 688, 709, and 735 key; 
793, 809, 854, 890, 970, and 1033 key; 821 and 839 keV 
In the experimental data of Table II, there are 14 ,y rays 
ranging in energy from 436 to 855 keY whose conversion 
coefficients are markedly higher (by factors of 1.5-15 
times) than theoretical values for Ml transitions. These 
large coefficients are ascribed to the presence of an appre-
ciable EU component in each transition. Since pure EU 
transitions can proceed only via the emission of conver-
sion electrons, their role in enhancing conversion coeffi-
cients when E0+M1 (+, E2) mixing occurs is clear. 
There are, of course, possible alternative explanations for 
the existence of large conversion coefficients; the observed 
transitions could be of higher order multipolarity than ei-
ther Ml or E2, or could be strongly hindered El transi-
tions. These possibilities are unlikely because the ob- 
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served L-subshell ratios support the E0 components and 
the y-branching ratios and deduced spins of the levels 
favor low multipolari ties. 
Six of these E0+Ml (+ E2) transitions form part of 
the evidence for the existence of new levels in 231Th at 
688, 709, 793, 809, 821, and 839 key; each transition 
feeds either the I = ~ or ~ level of the + [631] configu-
ration. These new levels, then, are interpreted as being the 
lowest-lying members of three new K'= !+   otational 
bands. The E0 components in the depopulating transi-
tions indicate that each of the three new rotational bands 
contains in its wave function some amount of the configu-
ration ( -f [63 l]x 0 k ). If it is assumed that each transi-
•tion is an E0+M1 mixture (i.e., neglecting E2 admix-
tures and recognizing that such an assumption is unphysi-
cal, but serves to simplify the discussion), the transitions 
depopulating the 687-keY band contain 10-20% E0 
components, those depopulating the 793-keY band 50% 
E0, and those depopulating the 821-keV band 40% E0. 
Although the E0 deexcitation mode is possible between 
any two levels with the same spin and parity, ordinarily it 
is much slower than the Mi and E2 components of the 
transition. Therefore, observation of transitions with 
identifiable E0 strength is a rather infrequent occurrence 
in odd-A nuclei. But, when the wave function of the 
upper level includes an appreciable K=O vibrational com-
ponent that is coupled to the quasiparticle state predom-
inant in the wave function of the lower level, the E0 tran-
sition becomes a much more favored mode of decay. At-
tributing observed E0 strength in an odd- A nucleus to f3-
vibrational character is a natural extension of the observa-
tion of fl-vibrational 0+ states in even-even nuclei. Other 
explanations exist for the nature of 0+  states, namely their 
description as particle-hole excitations or pairing vibra-
tions. Both of these forms of excitation are expected to 
occur somewhere near or above I MeV. 43 The excitation 
energies for the first excited 0+ states in even-mass Th 
and U nuclei (e.g., at 635 and 730 keY for 230Th and 
232Th, respectively) appear to be too low for either of these 
alternatives. Thus, the E0 strength seen in the transitions 
from low-lying levels in 231 Th most probably indicates the 
presence of some y-vibrational character. 
The characteristics of levels arising from single 
particle-phonon mixing in odd- A deformed nuclei have 
been calculated by the Soloviev group.  39  In comparing 
these calculations with experiment, one finds that Ivanova 
et al. 39 do not predict the presence of. three + bands in 
231 	 1+ Th with phonon-mixed states based upon the -y [631] 
single particle state. In fact, in the range 250-1020 keY 
there is predicted just one KT= + band at 610 keY with 
the components 50% +[640]  and 30% ( -f[ 640]x 0 ). 
It is clear the calculations fail with respect to such details 
as the degree of fragmentation observed for the 
(+[631 ]X 0 ) state. 
Recognizing that these states are mixing to perhaps an 
unexpected degree, one can try to identify other com-
ponents in the wave functions. For example, one can ex-
amine the deexciting transitions in an analogous way for 
evidence of K=2 phonon-coupled configurations. All of 
the new + + and 1+  levels just discussed (except one) also 
decay to the ground state band. One finds for the 688- 
keY ~ level that 82% of its depopulation strength feeds 
the ground state band with half of this occurring through 
an E2 transition that competes with several other transi-
tions which are of predominantly Ml multipolarity. This 
observation, then, is indicative of a y-vibrational (+ [633]x2 + ) component in the wave function of this 
band. Similarly, one might expect to observe the  
(-- [631] X2 + ) configuration mixing into the K = + 
bands. Since most of the transitions detected that feed the 
levels of the +[63l]  band at 221 keY are of pure MI 
multipolarity, there appears to be no evidence for coupling 
of this single particle state with a y-vibration. 
If the new K = -y bands have some - 
1 
 y 
+ [640] character, 
noticeable features would be strong decay to the + + [631] 
band (at 221 keV) and population of some of the levels by 
the (d,t) reaction. In constructing the band at 793 keY, all 
of the higher spin members, I> 3/2, were previously ob-
served in the (d,t) spectrum  15  which is generally consistent 
with the calculated relative intensities for this band. The 
previous assignment of levels to this band" implied a 
decoupling parameter a = —1.89, which is inconsistent 
with predicted values, and, consequently, an I = -f 
bandhead at approximately 590 keY which is not found in 
the present experiment. 
Thus, the predominant configuration occurring in each 
of these K = + bands can be assigned, as follows: 
(+[63 l]x 0 ), 821-keY band; (+[633]X2),  688-keY 
band; +[640],  793-keY band. This analysis suggests the 
K= + + states observed experimentally in 231 Th are more 
complex than expected from model calculations. 
7. Coriolis mixing of positive-parity bands 
For the five positive-parity bands which have been as-
signed to levels below 500 keY, it is expected that Coriolis 
mixing causes appreciable perturbation of some level ener-
gies. This effect was explicitly included in a calculation 
done by fitting the observed level energies to standard ro-
tational level-spacing formulae. Also included in the cal-
culation was the +[640]  band at 793 keY. Although 
calculated values for Coriolis matrix elements are avail-
able,  40  the strength of most of these were determined in 
the level fitting process. 
In the calculation, results of which are listed in Table 
VIII, a total of 25 level energies were fitted with a stan-
dard deviation of 0.5 keV. Values of 13 variable parame-
ters, those listed in Table VIII plus five bandhead ener-
gies, were determined. For the decoupling constant of the 
+ [640] band, a value a = —0.25 was obtained, as com-
pared with a calculated value of a= + 0.l6. ° The decou-
pling constant for the ~ [63 1] band derived in this calcu-
lation, a= + 0.09, is little changed from that obtained by 
a simple fitting of the lowest three band members, 
neglecting Coriolis mixing. The Coriolis matrix elements 
derived from this calculation are effective values where 
the reduction due to inclusion of a pairing factor has not 
been explicitly removed. These matrix elements show 
empirical values that are 15-60% of the theoretical. 
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Level energies (keV) 








E(--) 247.6 247.7 793.0 792.3 
E( --  ) 221.4 220.7 272.2 271.5 808.5 808.7 
E(+) 0.0 0.0 240.9 241.7 301.7 
302.0 317.1 317.8 854 853.0 
E('+) 	- 42.0 42.0 275.4 276.9 351.5 352.7 
377.6 376.0 510.9 510.9 890.0 891.6 
E(+) 96.1 96.1 324.9 323.2 409.5 449 
447.9 579 579.1 970 970.9 
E( - -) 161.9 162.1 385.7 385.8 490 489.3 530 531.5 662.2 1033 1032.0 
Fitted parameters (keV) 
(theoretical • valuesa in parentheses) 
E(K) 	 -0.1 	 220.5 	 247.5 	 317.6 	510.7 	 792.1 
Decoupling 
parameter a 	 +0.09 	(-0.39) 	 -0.25 (+0.16) 
<+[640]li_I+[6311)=-0.38 (-2.8) (--[631]Ij_I--[622])=l.6 (4.8) 
(+[640]Ii_I+[6311>= 2.2 	(4.6) 	 ( --[633]Ij_I'}[624])=2.7 (4.6) 
(+[ 631 ] j_ +[ 631 ])= 0.79 	(0.39) 	 A=679 
Fixed parameters (keV) 	- 
(theoretical valuesa in parentheses) 
( 1 [631] If- 1 -1 [6333)=0. 23 (0.46) 	 ( -- [622] Ii- I +[624])=0.05 (0.005) 
aFrom  Ref. 40. 	 - 
This empirical reduction of matrix elements is, by now, a 
common feature of such calculations. 4° An exception to 
this behavior is the +[631]-+[63l] matrix element 




[631]xO+ ): 961 keV 
The 961 keY .! level is well established by many 
depopulating transitions. The transition to the *+[ 631 ] 
level has an E0 component. Therefore, based on our pre-
vious discussion (in Sec. IV B 6) of the nuclear structure 
thought to give rise to such mixed EU (+ M I + E2)  tran-
sitions, we assin this level tentatively to the K=0+  vi-
bration on the j-[631] band. 
C. Negative parity bands 
1. + [752]: 186, 205, 237, 278,335, and 403 keV 
In previous studies of 235U a decay48 and the (d,t) and 
( 3He,a) reactions,  13 -1 5  the levels listed above have been 
established as the first six members of the ~ [752] rota-
tional band. Transitions that feed or depopulate the three 
lowest of these have been içientified .in the present (n,y) 
study. All but the 237-keY level are populated in the 
present (d,p) measurement. 
2. - 77431: 388, 452, 530, and 704 ke V 
In previous studies of 235U alpha decay,48 the 388- and 
452-keV levels were established-as the first two members 
of the 2  [743] rotational band. Transitions feeding and 
depopulating the 388-keY level have been identified in the 
present (n,y) study. The levels at 530 and 704 keV, which 
are populated in the present (d,p) measurement, are as-
signed to the 1 = -1 1  - and -15 - members of the band. It will 
be shown that ihe energies of all these levels are well fitted 
by a calculation that includes the effect of Coriolis mixing 
among the bands arising from the J15/2  spherical orbital. 
3. +15011:  555, 594, and 596 keV 
Experimental evidence for this orbital has been found 
in many actinide nuclei ranging from 227 R to 
where the expected signature is strong population of the 
I = + and ~ levels by the (d,t) reaction. In 231 Th this 
band was identified in (d,t) studies, first by Boyno 
et al., 14 who assigned observed levels at 558 and 594 keY 
to 'the I = + and  (+, -f)  members of the band. The calcu- 
lated energy for this orbital is sensitive to the choice of 
single-particle potential. Two of the entries in Table VII 
(folded Yukawa and Woods-Saxon potential calculations) 
bracket the experimental energy for this orbital rather 
well. The calculated decoupling constant of Chasman 
et al. 40 implies a level spacing of 4 keV for the 
- --- -  lev-
els. 
In the present work, the + [501] orbital is assigned to 
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the three levels indicated above; from these, one calculates 
a rotational parameter A=6.73 keY anda decoupling pa-
rameter a= + 0.93. The experimental observation that 
23 	)3  ) decay populates levels at 554(+ ) and 593(+ 
keY is consistent with the ++[400]  ground state assign-
ment to 23  'Ac. 
[761]: 591, 629, 656, and 1084 keV 
For this orbital, calculated bandhead energies are in the 
range 650-750 keV (Table VII). The experimentally ob-
served I'— !-- level at 590.836 keY is assigned as the 
bandhead. The predominant mode of deexcitation (96%) 
of this level is to the first two levels of the. ~ [752] band. 
A level at 629.339 keY, which also decays mainly (87%) 
to the same two levels, is assigned as the ~ member of the 
band. The I = ~ member of this band is assigned to a 
level at 655.92 keY on the basis of two transitions that 
feed levels of the ~ [752] band. These experimentally 
observed level energies are reproduced rather well in the 
calculation that includes the effect of Coriolis mixing 
among the bands of the J15/2  spherical orbital (see below). 
It is interesting that two I=-- levels at 591 and 594 
keY occur so close to one another. From their proximity 
one can derive an experimental upper limit of 0.1 keY for 
the Coriolis matrix element describing the interaction. 
This result is consistent with the orbital assignments 
+[761 ] and  +[501]:  Chasman et a1. 40 calculate a 
(j) matrix element of —0.11 keY for this orbital pair. 
-- [770]: 714( --), 720( -i), 81 3( -v-), 
and 8334) keV 
The expected characteristics of this orbital are the fol-
lowing: (a) Bandhead energies calculated variously at 760, 
1150, and 1290 keV (Table VII); Ivanova et al. 39 predict 
this orbital to occur at 760 keV, just 40 keV above the + [761] band. (b) A calculated decoupling parameter of 
a = —7.3 keY; this implies that the -I —  level lies below 
the + level for this band and a -j---- level spacing of 120 
keY, neglecting any variation caused by Coriolis effects. 
(c) Both the I = + and ~ levels will be populated in the 
ARC measurements. (d) Calculated cross sections for 
higher-spin members of the band are low enough that they 
will be difficult to identify in the (d,t) spectrum. With 
these characteristics as a guide, levels populated in the 
ARC measurement were examined with respect to which 
levels show appreciable deexcitation to the 1 - [761] and 
+[752] bands. The most likely candidates were the fol-
lowing: (a) As the ~ level, those at 620, 714, and 1074 
keY, and (b) as the + level, those at 833 and 1160 keY. 
Since it is known that this band will interact strongly with 
the + [761] band, assignment of experimental levels as 
members of the bands was accomplished in the course of 
an explicit calculation of Coriolis mixing described next. 
Coriolis mixing of negative-parity bands 
Selected pairs of the candidate levels were assigned to 
the I = + and -- members of the + [770] band and were 
used in calculations to fit 18 level energies among four 
J15/2 orbitals (Table IX); Coriolis interactions were expli-
citly included. The result was that the best candidates for 
the low-spin members of the + [770] band are the 714 
keV-833 keV pair. The findings that support this assign-
ment are (a) a large fraction of the deexcitation of the 
714-keY level populates members of the -f [752] band, 
(b) a satisfactory fit to experimental levels, and (c) param-
eters derived from the best fit to these levels (a = —7.2, 
Coriolis matrix elements for the ---f  and ---- band in-
teractions approximately 50% of the theoretical) corre-
spond to what is expected from the theoretical calculation 
and experience. On the other hand, certain aspects of this 
interpretation are not in accord with expectation, as fol-
lows: (a) Transitions between the 714-keY level and 
members of the -- [761] band have not been detected; (b) 
the fitted Coriolis matrix element for the ----- band pair 
is only 18% of theoretical, while the fitted decoupling pa-
rameter for the + [770] band is 100% of the theoretical. 
Thus, the assignment of the indicated levels as members 
of the + [770] band is made based on a plausible inter-
pretation of the experimental observations. 
( .- [63J]x 0): 620 keV 
Studies of the neighboring nuclei 213Th, 235U, and 239U 
have shown evidence for an octupole vibration coupled to 
the ~ [631] band, resulting in levels with excitations in 
the range 600-800 keY.I7,W  In 233Th, there has also been 
found evidence for the coupling of an octupole vibration 
to the + [631] particle state. Although no + levels 
found in the present work have been assigned as octupole 
vibrations, a T state is found at 620 keY that could be 
such a configuration since it is not assigned to other nega-
tive parity bands and decays in part to the -- [631] band. 
This state is assigned tentatively as the first member of a 
band consisting of an octupole vibration coupled to the 
+[631 ] band. 
( -- 7752]x0): 624 and 634 keV 
Each of these levels is depopulated by two transitions 
that lead to the lowest two levels of the ~ [752] band at 
186 keY. One of each pair of transitions has experimen-
tally demonstrated M I +E0 character. These levels can 
be interpreted as members of a new rotational band with (-f  [752]x0) character. The level spacing here is 10 
keV, which is about half of that found in the base state 
band. The large apparent moment of inertia for the base 
state band is understood in terms of a general compression 
of the band due to Coriolis mixing with levels of the near-
by +[743]  band. Presumably, the 0 vibrational bands 
built on these two base states could also be strongly 
mixed, which would account for the observed level spac-
ing. Since the evidence for this quasiparticle-phonon cou-
pled band is not very extensive, its existence and configu-
rational assignment must be considered tentative. 
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TABLE IX. Level-energy fitting calculation for negative-parity bands in 231 Th, including Coriolis mixing effects. 
-- [752] 	 --[743] 	 -[761] 	 -[770] 	--[734] 
Level energies (keV) 
Eexpt 	Ecaic 	Eexpt 	Ecaic 	Eexpt 	Ecaic 	 Eexpt 	Ecaic 
E(4-) 833.2 833.5 
E(--) 590.8 	588.6 713.8 711.6 
E(+) 185.7 	185.1 629.3 629.3 984.2 
E(--) 205.3 	205.5 	387.8 388.6 656.0 	658.5 720.3 723.0 
E( -- ) 236.9 	237.2 	452.2 452.9 756.3 1188.9 918.6 
E(-V- ) 277.8 	280.4 	530 527.2 865.1 715.4 1005.5 
E( -- ) 335 331.6 598.9 945.2 1447.3 1106.4 
E( -- ) 403 	403.9 	704 705.4 1084 	1083.5 813 812.2 1225.9 
Fitted parameters (keY) 
(theoretical values' in parentheses) 
E(K) 185.5 372.4 591.7 833.2 	- 918.2 
Decoupling 
parameter a -7.2 ( - 7.3) 
( - [ 770Jlj_ I -- E 76 l1)= 1 . 3 (7.3) ( -- [752]Ij_ I-[743])=° (7.2) 
( -- [ 76 l]J_I -- [ 752 ])-3 .7 (7.3) A=6.67 
Fixed parameters (keY) 
(theoretical values' in parentheses) 
(-[743] If- 1 -034])=3.4 (6.8) 
aFrom  Ref. 40. 
- 	 9. --7503]: 685 ke V 
Evidence for a level at 684.5 keY is provided by  two y 
transitions leading to the first two levels of the ~ [752] 
band and by population in the (d,p) and (d,t) reactions. 
Model-independent considerations suggest I = 12- to -i 
with negative parity for the level. In the calculations of 
Möller et al. 38 (folded Yukawa potential), a ~ [503] 
band is found at 960 keY, which mixes appreciably 
through iN=2 mixing with the -L - [752]  band; the 
predominance  of the observed transition to the 185-keY 
-- level in our work is consistent with this description. 
In the calculations of Ivanova et al. a ~ - band is 
found at 950 keY, the only such band other than the 
~ [752] configuration. It is of collective rather than 
single-particle nature, consisting predominantly of a 13 vi-
bration coupled to the ~ [752] band. In the present 
work, the experimental conversion coefficient for the in-
tense 499-keV transition depopulating the level indicates 
no evidence for E0 mixing in the transition; thus, a strong 
contribution from the vibrational configuration 
~ [752] X 0 1 is unlikely. 
10. --[501]: 876 and 915 keV 
Grotdal et a!) 5 observed levels at 869, 908, and 965 
keV and assigned these strong (d,t) lines to the lowest  
members of the 2 _ [501] rotational band. In agreement 
with this, levels at 876 and 915 keV observed in the (n,y) 
part of the present work are assigned tentatively as the ~ 
and ~ members of the band, assuming an energy 
discrepancy of 7 keY with the energy calibrations of the 
previous (d,t) measurement. 
D. (d,p) population of rotational bands 
Angular distributions for several of the more intense 
lines in the (d,p) spectrum are shown in Fig. 4. The ex-
perimental data show reasonable agreement with the ex-
pected angular distribution, based on the assigned spin 
and parity of the populated level. Generally, however, it 
was not possible to make unambiguous assignments of an-
gular momentum transfer for new levels in the (d,p) spec-
trum in the absence of other kinds of experimental evi-
dence regarding spin and parity. Examples of such levels 
shown in Fig. 4 are those at 403, 449, and 579 keV. Each 
of these has been observed only in transfer reactions and 
their spin and parity assignments must be considered as 
tentative, although the prominence of the 403-keY level in 
the ( 3He,a) reaction spectrum is indicative of large 1 
transfer and, thus, serves to verify its configuration as-
signment. On this basis, we rate the confidence of this as- 
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signment as probable, rather than tentative. 
Configuration assignments for certain levels populated 
by the (d,p) reaction are listed in Table X. Cross sections 
were calculated using the DWUCK code with optical model 
parameters taken from an earlier calculation for 
232Th(d,p) by Grotdal et al. 15 In the present calculation, 
wave functions were generated with a modified oscillator 
potential described by the parameters K =0.05 and 
jt=O.448. In previous (d,p) and (d,t) studies of 
231 Th, 1416 it has been shown that cross sections calculat-
ed with the use of these parameters show better correspon-
dence with experiment than those obtained using parame-
ters recommended in more recent papers on the oscillator 
potential, K=0.0635 and i=0.339 (Ref. 41). The control-
ling factor here is the lower value of K, which determines 
the amount of spin-orbit coupling in the Hamiltonian. In 
the present calculations, the spherical orbits 9 912 and i1112 
are closer to each other in energy than for K=0.0635. 
Thus, when in a deformed potential, the Nilsson states 
originating in these spherical orbits, +[ 633], +[624] 
and ! + [631], ~ ' [622], mix to a greater extent than other-
wise. Since these orbitals "cross" in a Nilsson diagram, 
the effect of this "crossing" is for the +[63l]  and 
~ [622] bands to take on the character of 9 912 bands to 
some degree and, thus, to show greater (d,p) strength to 
the I = states than otherwise. In a corresponding 
manner, the (d,p) strength feeding I = -! states in the 
5+ 7+ 
-- [633] and -j  [624] bands will be enhanced. In con-
trast to this behavior, the wave functions calculated for 
the +[631]  orbital are little affected by parameter 
choice. 
In comparing the experimental and calculated cross sec-
tions listed in Table X, it can be seen that in several in-
stances the inclusion of Coriolis mixing is essential to 
good agreement. A vivid illustration of this is found for 
the I = ~ levels of the positive-parity orbitals where, for 
	
3+ 	1+ 	 5+ the F  [631],  F  [631], and -j [622] bands, use of 
Coriolis-mixed wave functions produces dramatic im-
provement. In other instances, the effect of Coriolis mix-
ing seems to be acting in the wrong direction, as, e.g., in 
the case of the positive pa ri ty I = ~ levels of the -L+ [631] 
and ++[6311  bands where the mixed wave functions pro-
duce increased strength in the ++[631]  band, while exper-
imentally it is found in the +[631]  band. Overall, there 
is reasonable agreement between the experimental and cal-
culated cross sections (with Coriolis mixing) for the 
positive-parity bands. The total experimental (d,p) 
strength for these bands agrees with that calculated to 
about 10%, another indication that appropriate configura-
tion assignments have been made. For the negative-parity 
bands, the total experimental (d,p) strength exceeds that 
calculated by a factor of 3, even after some enhancement 
in the latter due to Coriolis mixing. The calculated cross 
sections underestimate experiment by a factor of 2 for the 
two I = -- levels, where the great majority of the spectro-
scopic strength lies. In this case, the source of the 
discrepancy must be other than in the correction for pair-
ing effects since these bands (+ [ 752] and ~ [743]) lie 
on opposite sides of the Fermi surface and have quite dif-
ferent occupation factors (u 2 =0.20 and 0.88, respective- 
ly). 
An important result of our (d,p) measurement is that it 
provides valuable corroboratory evidence for the positive-
parity level sequence observed at rather low excitation in 
231 Th The observation in the (n,y) experiment on nine 
levels, ranging from 221 to 378 keY and belonging to the 
orbitals +[63 l], +[63 l], and  +[622],  is proposed. 
Evidence for each of these was detected in the (d,p) spec-
trum. 
V. CONCLUSIONS 
This comprehensive study of 231 Th has resulted in the 
assignment of 18 single-particle or mixed vibrational con-
figurations. The corresponding rotational bands contain 
57 levels. These levels have been established and identi-
fied by secondary (n,y) transitions, by primary transitions 
from thermal and average resonance neutron capture 
(ARC), and by (d,p) and (d,t) reactions. Additional levels 
without assignments are suggested. A total of 157 transi-
tions (out of 278 measured secondary lines) are placed in 
the level scheme. All expected Nilsson states were ob-
served below 750 keV. The level scheme is essentially 
complete concerning ~ and f states below 700 keV due to 
the ARC data. 
A special feature of the level scheme is the appearance 
of some admixture of the K=0 13 vibration built on a 
+ [631] Nilsson state in three rotational bands which lie 
within 140 keY of each other. This fragmentation was 
unexpected theoretically and is the explanation for the ob-
servation of an unusually large number of E0 transitions. 
As indications of stable octupole deformation in odd-A 
nuclei in this mass region, two criteria have been suggest-
ed: (a) Rotational bands with degenerate parity doublets;' 
in some cases, enhancement of El transitions between the 
bands of a parity doublet were observed  ;3  (b) for K = + 
bands, a hybridization of the decoupling parameters, i.e., 
the decoupling parameters have the same absolute value, 
but with opposite sign, was predicted 45 and observed ex-
perimentally. 2 In the present work no particularly close 
parity doublets are present. This result is in accordance 
with calculations' that predict the occurrence of such 
doublets to be less likely in 231 Th than in the more favor-
able cases of 229Th and 227Th. In 231Th only the +[752] 
and +[501 ] bands decay preferentially by El transitions 
and, for these, there are no alternate decay modes. With 
respect to hybridization of decoupling parameters, the 
decoupling of the + [63 1] band is in the direction of hy-
bridization, i.e., the parameter is positive as compared 
with a predicted negative value. Nevertheless, the decou-
p1mg parameters of the observed negative parity bands, 
~ [501] and + [770], are close to predicted values based 
upon pure quadrupole (and hexadecapole) deformation. 
Thus, on the basis of the stated criteria, no evidence is 
found for significant stable octupole deformation in 231 Th. 
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BETA SPECTRA IN THE DECAY OF 32P AND 124 S 
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Abstract: In disagreement with recent suggestions that the beta spectrum of 52P displays a non-
allowed shape with a discontinuous slope to the shape factor, it has been found that this 
transition displays the statistical shape with W0 = 1697±2 keY. Non-statistical shapes can 
be simulated with inadequate attention to source quality or having a small error in the end-
point energy W0 . It is shown that shape factor coefficients are so extremely sensitive to W0 
as to make their utility doubtful. 
In view of existing uncertainties, a new determination of the shape factor of the highest 
energy first-forbidden non-unique beta transition in 1 24 S confirms the "modified Bij approxima-
tion" of Kotani and shows a shape factor C(W) = q2 + 1 p2 +D with D = 7±2. The end-point 
energy is W0 = 2301 ±4  keY. 
E 	 RADIOACTIVITY. 52P [from 31P(n, y)]; measured E, fl-spectrum shape, Q. 
124Sb [from 123Sb(n, y)];  measured Ep, j9-shape factor, Q. 
1. Introduction 
The shape of the single beta transition in the decay of 32P has been the subject 
of numerous studies and has presented a problem for nearly a decade. The spin of 
the 32 P ground state is known to be unity 1)  while that of 32 S, a doubly-even nucleus, 
is zero.-No change of parity occurs so the spectrum might be expected to display the 
allowed shape, the transition being pure Gamow-Teller. However the log 1o ft value 
is high (7.9) and there is no agreement as to the precise shape of the beta spectrum. 
Previous workers, all save one 2)  reported non-statistical shapes. If the shape factor 
C(W) = N/p 2 F(W0 — W) 2 is plotted against W, the consensus of opinion 3)  is that 
the graph is linear above 600 keY, fitting an expression C(W) = K(l +a W) with 
values of a varying from —1 to —4 x 10- 2  while for the region below 600 keY the 
slope is much greater. The coefficient of Wis then 9 x 10 -2 .  A shape factor with 
a discontinuity in its slope is an oddity and the situation is made more complex by 
some uthors who report no discontinuity but a simple linear relation with the 
numerical value of C( W) decreasing 8 % (ref. 4))  or 4 % (ref. 5)) in the interval 
250-1600 keV. While the present work was in progress, two further works on 
were published, the first 6) announcing that the shape was completely statistical, the 
second 3)  reaffirming the discontinuous slope for C(W). This only served to make 
the present investigation the more pressing. 
As for 124Sb, the transition in question is from the 3 ground state to the 2 first 
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excited state of 124Te. The end-point energy is 2.30 MeV. The transition is therefore 
first-forbidden, non-unique and it does not display the statistical shape. Langer 7) 
has fitted the relation representing the "modified B 1 approximation" of Kotani 
89) 
to his data and finds C(W) = q2 +) 1 p2 +D, where k is a tabulated function of 
momentum with D = 15 ± 5. In proof, the value of D was modified to 7 ± 4 for an 
independent set of data. This latter result has been used in the determination of 
nuclear matrix elements 10). Very recently however the Indiana group 
11)  repeated 
their observations and reported D = 16±2. As only the Indiana group has reported 
work on the '24Sb shape factor it was felt desirable to have an independent determina-
tion made. 
2. Experimental Procedure 
The 32 P was obtained from A.E.C.L. Chalk River, and 124sb was obtained from 
Oak Ridge National Laboratory, Oak Ridge, Tennessee, the former in the form of 
carrier free phosphate ion in solution, the latter as the chloride in solution. The 
specific activity of various shipments of . 124Sb ranged 4-8 Ci/g. 
The experience of this group is that drop sources, while they can be used satisfac-
torily at high energies if carefully prepared, are of very limited use for shape factor 
work at low energies. All results reported here were obtained with material which 
had been sublimed in high vacuum onto aluminium foils of thickness 180 ig/cm 2 . 
Great care was taken to raise the temperature of the filament slowly so as to dispose 
of inactive impurities before inserting the aluminium source backing into the sublima-
tion chamber for deposition of the active material. The sources so prepared were 
barely visible in reflected light. For comparison purposes, a drop source of 32 P was 
prepared on a conducting backing of 10 2g/cm' V.Y.N.S. resin onto which a layer 
of gold 10 zg/cm 2  had been evaporated. This source was judged to be uniform and 
of high quality, comparing favourably with others made over the years by this group. 
Nevertheless it was visible and therefore somewhat thicker than the sublimed material. 
The beta-ray spectrometer was of the Siegbahn-Slatis type. The detector was a 
scintillation counter having a selected low-noise E.M.I. 2.5 cm photomultiplier type 
9524SA optically coupled to a lucite light pipe which terminated in a piece of NE 102 
scintillating plastic t  within the spectrometer vacuum tank at the focal point of the 
electron trajectories. The photomultiplier was screened with mu-metal and at no time 
has the magnetic field been found to influence the detection system. 
Definitive measurements on shape factors demand minimal distortion from source 
and instrument. A thinner backing than 180 jg/cm 2 would have been desirable but 
it was not found possible to sublime either of these materials onto V.Y.N.S. resin as 
the film disintegrated under the heat from the filament. On the other hand, any 
distortions arising from the sources which were used are likely to be very small, 
because backscattering, leading to an excess of low-energy electrons, is unlikely to be 
t Nuclear Enterprises Ltd., 550 Berry St., Winnipeg, Manitoba, Canada. 
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significant in the regions examined, viz,> 250 keY for 32 P (to avoid any contribution 
from the weak contaminant 33 P) and > 1600 keV for 124Sb. 
Amplified pulses from the scintillation detector were fed into a scaler via a fixed 
bias. With the pulse-height distribution from the detector being a function of electron 
energy, the bias may be cutting off a variable proportion of true pulses as the spectrum 
is traversed. This effect was investigated by observing first the noise on a 1024-channel 
pulse-height analyser and then the total pulse-height distribution from the detector 
system as a function of electron energy. Knowing the bias setting, the fraction of 
genuine pulses cut off was determined as a function of energy and a correction was 
applied to the data to allow for this. The effect was small, the greatest correction to 
32P data being no more than 1 % while that for 124Sb was negligible. 
Shape factor studies on 24Na and 198  An with the present instrument have agreed 
with or have been supported by recent work 12)  This type of spectrometer is known 
to have good anti-scattering properties, so there is no reason to believe that instru-
mental distortions are other than minimal. 
At no time was there any evidence of active impurities contributing in the energy 
ranges examined. On all spectra, statistical accuracy was good. For 32 P, two runs 
using sublimed material yielded 250 and 550 points respectively, each with 60 000 
counts per point at the spectral maximum. Only above 1520 keV did the accuracy fall 
below I %. 
For 124Sb, three runs were made consisting of 95, 95 and 203 data points respec-
tively commencing at W0 = 4.31 mc 2 , the end point of the next inner beta group. The 
statistical accuracy was better than 1 % down to an energy of 4.60 mc 2 . 
The expression C(W) can be critically dependent on the value of W 0 especially at 
energies approaching W 0 . The spectrometer was therefore calibrated against the 
conversion lines of the active deposit of thorium. In the case of 124 S an internal 
calibration is available using the K-conversion line of the 603 keY transition. This 
gave the same value of the calibration constant as did the active deposit of thorium. 
3. Results 
3.1. THE 32P RESULTS 
Although the Fermi plot appeared linear all the way from 250 keY to the end point 
of the observed spectrum, the data were put in the form C( W) = (Nip') ( W 0 - W) 2 S, 
TABLE 1 
Experimental shape factor constants for UP 
C(W) = k(l+aW). 
k 	 a 	 W0 
(keV) 
Run 1 	 10.586 	 —0.00074 	 1696.2 
Run 2 13.568 +0.00227 1697.1 
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where S is the screening correction (fig. la ). The best fit to the data for two runs 
was C(W) = k(l +a W), where k is a normalizing factor. The k- and a-values are 
given in table 1. The end-point energy W 0 was obtained from the linear Fermi plot. 
These values of a are at least an order of magnitude lower than those appearing in 
the literature and no discontinuity of slope is in evidence. Fig. 1(a) also shows the 
nature of the discontinuity according to the data of two previous workers 
presented graphically by Lehmann 3).  If the spectrum has the allowed (statistical) 
shape then C(W)ILO should be a straight line of zero slope. The a-values for the two 
runs so treated were found to be +0.0016 and +0.0046, respectively. Fig. 1(b) 
shows this relation for run 1. 
The a-values are extremely sensitive to the W 0-value employed. Returning to 
C(W) = k(l + aW), the effect on a of a change of 0.1 % in W 0 was determined. 
This is shown in table 2. 
TABLE 2 
Values of a for small variations in W0 
W0 (keV) 	 1696.2 	 1698 
Run 1 	a 	 —0.00074 	 —0.0083 
W0 (keV) 	 1697.1 	 1698 	 1699 
Run 2 	 a 	 +0.00227 	 +0.0004 	 0.0020 
In fig. 1(c) the data of run 1 with W 0 = 1698 keY are presented for comparison 
with those obtained using W 0 = 1696.2 keY (fig. la ). The alteration in slope for a 
change in W 0 of 1.8 keV is quite noticeable. The value of a in run 2 changes from 
+ 0.002 to - 0.002 for a 1.9 keY change in W 0 . Hence small deviations in a from zero 
may well be accounted for by minor errors in determining the end points. The present 
investigation gave W 0 = 1697+2 keY as the best value of the end-point energy. 
The data for a drop source of good quality are presented in fig. 1(d). Here we see 
the rise in C( W) at low energies which simulates the rise observed in many earlier 
determinations 3),  while the graph at higher energies is parallel to the energy axis. 
It should be noted that, for clarity, every fifth point only of the data has been 
plotted. The lines are the least-squares fit to all points. 
3.2. THE 124Sb RESULTS 
The theoretical shape factor for the "modified B ij approximation" is Cth (W) 
OC  (J'Vo W) 2 +) 1 (W 2 -1)+D. This is to be fitted to the experimental shape factor 
Cexp ( W) cc (N/p 2 ) F( W 0 - W) 2 . The ratio of these two equations defines a normalizing 
constant K for a particular W value, thus, 
(N/p 2)F(W 0 — W) 2 
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For the proper values of W 0 and D, were there to be no statistical variation in the 
data, a single value of K would fit the theoretical expression to the data. With statis-
tical fluctuations the best value of D for a given value of W 0 is that for which ak/K 
is least where K is the mean normalizing factor for all the data points. Here a1 is 
the standard deviation of the mean. 
To determine the best value of D from the data, an approximate value of W 0 was 
obtained from the non-linear Fermi plot. Choosing a value of W 0 lower than this, 
the IBM 1620 computer at the University of Manitoba determined the values ak/K 
for D values ranging from 1 to 20 in unit steps. The minimum value of ak/K gave 
the "best" D-value for that chosen W 0 . The process was repeated for the entire 
range W0 = 2296 to 2315 keV in steps of 1 keV and the absolute minimum of ak/K 
was obtained, yielding the "best" values of D and of W 0 consistent with the data. 
Three separate runs were made and D and W 0 were determined in this manner for 
each. The results are shown in table 3. Data points corresponding to the conversion 
lines of the 1695 keY transition in 124 S were eliminated from the data before process-
ing. 
TABLE 3 
Shape factor constant for 124Sb 
Run 1 2 3 Mean 
W0(keV) 2300 2298 2306 2301+4 
D 7 5 8 7+2 
The data for run 1 are presented in fig. 2 which shows the best fit to the data, 
D = 7, together with the best fits for D = 9 and D = 5. Also shown is the shape 
factor C(W) = q'+ ).p2 + 16, the very recent result from the Indiana group 11), 
which has been normalized to the lowest energy point of the present data. The fit is 
seen to be poor. 
4. Discussion 
4.1. THE 32P SPECTRA 
The reason for the confused state of the literature is difficult to find. The present 
work has shown the difference between sublimed material on a 180 pg/cm 2 aluminium 
backing and a liquid deposited source on 10 pg/cm 2 V.Y.N.S. film, yet Graham 
et al. 13)  reported no significant difference in results from evaporated material on 
200 pg/cm2 aluminium and those from liquid deposited source on a 800 pg/cm 2 
backing. By no means have those reporting non-statistical shapes used exclusively 
liquid deposited sources on thick backings as the work Nichols et al. 14)  Johnson 
et al. 15)  and Porter et al. 16)  reveals, to mention but a few, yet it is pointed out by 







Fig. 2. Shape factor fit to 124Sb data C(W) = q2 +1p2 +D, where D = 7±2. Also shown is the most recent result of the Indiana group, viz D = 16. 
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backings find the smallest deviations from the statistical shape. The present work is 
in accord with this observation and is in complete agreement with the very recent 
findings of Persson and Reynolds 6)  who also obtained the statistical shape for 32P. 
These authors did not use a magnetic spectrometer at all but relied on the pulse 
distribution from solid state beta detectors. It is here confirmed that 32P displays 
the statistical shape within very close limits. 
With Al = 2 and AI = 1, the transition may be expected to be 1-forbidden. Bir-
brair 17)  has shown that progress is being made on the explanation of the large 
log 1o ft value of 7.9, where he is able to account for three orders of magnitude in the 
degree of retardation of the transition. Vakselj 18) using a square well potential for 
this ld - 2s+ transition shows that the ft value should be iO times greater 
than a super-allowed transition, i.e. log 1 oftcak 7.4. Having regard to the approxi-
mations used, this result can be regarded as very satisfactory. 
4.2. THE 124 S SPECTRA 
Apart from the present work, all other values of this shape factor are those of the 
Indiana group using, in general, liquid deposited sources having strengths of several 
mCi on backings which must be classified as relatively thick. Of the three previous 
values of D mentioned earlier only one is in agreement with the present data and it 
is hard to determine which of the previous values is to be taken as the "best" value 
for comparison. We presume it to be that of the group's most recent publication 11) 
viz. D = 16±2. 
In the -approximation 19)  the spectrum would have the allowed shape. Clearly 
this is not the case here. Deviations from this approximation can occur if the con-
tribution of the tensor type matrix element SB jj can no longer be neglected, as it is 
in the c-approximation. The emergence of the B ij term can arise in two ways, (i) by 
the operation of selection rules which inhibit the lepton field components which carry 
off zero or one unit of angular momentum or (ii) by the accidental cancellation of 
matrix elements of lower rank. The former is believed to be operative here. 
For a AI = 1 transition, the nuclear matrix elements involved are, in Kotani's 
notation 8) 
7UCA Jioxr. 
Pix = Cv J' r, 
tWy = - Cv f ia for =1, 
iz= CAJ' BU for  A.= 2. 
In general the shape factor is of the form 
C(W) = -(q2 + ) 1p2)+k(1 +a,W+b/ W+c W2 ). 12 
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The "modified B 13  approximation" of Kotani sets x = u = 0, and the shape factor 
becomes C(W) = -(q2 +11 p2)+k, i.e. a = b = c = 0. 
Preserving the notation, the quantity k2 = Y 2 , where 
y -  CvSkt 	Z - - - - - (u+x), the nuclear radius being R.  
CA  fB 1 2R 
So D = 12Y 2 . 
The parameter Y may also be deduced from fl -y directional correlation coefficients 
and from fl-y circular polarization correlation coefficients so that a means of compari-
son exists between the values of Y so obtained and those from the beta shape factor. 
These are displayed in table 4, but the agreement is not very good. 
TABLE 4 
Summary of Y values 
/-shape 	 fl-y direction 	 fl-y circ. polarization 
	
1.12±0.18 a) 	 1.05±0.15 0) 	 0.42±0.1 C) 
0.76±0.22 ) 0.64±0.125 d) 0.6 ±0.3 0) 
1.15±0.08 1) 	 0.38±0.12 9) 
0.76±0.11 0) 
Ref. 7) . 	 ) Ref. 25) 
Ref. 20) 	 t) Ref. 11). 
C) Refs. 23,24) . 	 0) Ref. 22). 
d) Ref. 21) 	 11) Present work. 
Fischbeck and Greenberg 10) using existing data conclude that Y = 0.90+0.05 
with x = 0.6±0.05 and u = —0.025±0.025 or Y = 0.7±0.1 with —0.025 :!~ x < 0 
and 0 :5; u 0.025. The second of these is more in accord with the modified B 1 
approximation, where x = u = 0. This approximation is also in accord with the 
work of Dulaney et al. 26) 
Whereas there is no close agreement in the literature as to the numerical values of 
the four matrix elements mentioned earlier save for I J B1 I it appears generally 
agreed 20_22.26) that I fri and Iii oxrl are both about two orders of magnitude 
lower than I f B jj j. This last element is relatively insensitive to variations in the data, 
having the value 10 2R for Y values ranging from 0.38 to 1.05, and is to be com- 
pared with the value I f B 4 	0.2R for the unique first-forbidden transition. 
The support of the National Research Council of Canada in this work is gratefully 
acknowledged as are also studentships from the National Research Council (M.J.C.) 
and the University of Manitoba (W.F.D.). 
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THE REACTION 23Na(p, p) IN THE RANGE 8.0-12.0 MeV 
(I). Analysis of average elastic cross sections 
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Research School of Physical Sciences, Australian National University, Canberra, A. C. T., Australia 
Received 28 April 1969 
Abstract: Absolute differential cross sections have been measured fos the elastic scattering of protons 
from "Na. Excitation functions were measured in 20 keV steps for incident proton energies 
from 8.0 to 12.0 MeV and at 23 different angles. Average angular distributions every 0.5 MeV 
were obtained from smooth fits to the excitation functions; these were analysed using the optical-
model and Hauser-Feshbach theories. The variations with energy of the optical-model poten-
tials, the compound-nucleus reduction factor and the amount of compound nucleus and direct 
reaction cross sections have been investigated. There is some evidence for the presence of inter-
mediate structure in the compound nucleus 24 Mg. 
E 	
NUCLEAR REACTION 23Na(p, p), E = 8.0 to 12.0 MeV; measured a(E, 0). 
Natural target. 
1. introduction 
For medium-weight and heavy nuclei, the average experimental cross sections for 
proton elastic scattering have been well described by generalized optical-model param-
eters 12)  Lighter nuclei, however, have not been studied to such an extent that it 
is possible to generalize the optical-model parameters in such a compact form. At 
tandem Van de Graaff energies, there is a generally significant compound nucleus 
contribution to elastic scattering measurements 3'4 ) on nuclei of mass A 30; this 
must be considered when searching on optical-model parameters to obtain fits to the 
data. It is thus necessary to combine the optical-model and the Hauser-Feshbach 
theories when analysing experimental data. 
Careful consideration must be given to the choice of target nucleus and to the in-
cident particle energies when carrying out these types of measurements, as the com-
pound nucleus energy must correspond to a region of many overlapping levels before 
the theories are applicable. Also, because the compound nucleus mechanism is of a 
statistical nature it is necessary to measure the differential cross sections over a suf-
ficient energy range to obtain a good estimate of the average cross section before 
using the Hauser-Feshbach theory. 
Targets of 23  N have been bombarded with protons of energies between 8.0 and 
12.0 MeV, which correspond to excitation energies in the compound nucleus 24Mg 
of between 19.4 and 23.2 MeV. These energies are at least 3 MeV above the neutron 
581 
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threshold, therefore the above criteria should be fulfilled 5).  The experiment was 
carried out to investigate the relative contributions of the compound nucleus (CN) 
and the direct reaction (DR) mechanisms in proton elastic scattering and their energy 
dependence. It was also intended to check the energy dependence of the real and the 
imaginary optical-model potentials and the compound nucleus reduction factor and 
the extrapolation of the Perey formulae 1)  to lighter nuclei. 
Because of the prohibitive time taken in the Hauser-Feshbach calculations of the 
compound nucleus cross sections, it was necessary to restrict the variable optical-
model parameters to the real and imaginary potentials and to keep the other param-
eters fixed at the values used by Perey 1). 
2. Experimental arrangement 
The targets were made of metallic sodium evaporated onto 	10 pg/cm 2 carbon 
backings and were transported to the scattering chamber via a vacuum lock. Excita-
tion functions were measured in 20 keY steps between 8.0 and 12.0 MeV and at 23 
angles between 35° and 155° lab. 
The scattered protons were detected in an array of eight 1000 pm silicon surface-
barrier detectors. The resolution of the detectors was improved by cooling with alco-
hol to dry ice temperature and by placing magnets in front of the detectors to prevent 
electrons from reaching them. Pulses from the surface-barrier detectors were ampli-
fied by ORTEC 103 preamplifiers and ORTEC 203 amplifiers, and the data were col-
lected and stored in an IBM 1800 computer using two INTERTECHNIQUE CAI  
analogue to digital converters. 
A Faraday cup with an intermediate electrode biassed to —300 V for electron 
suppression collected the charge, and this was integrated in an Elcor A 3093 current 
integrator. 
3. Data reduction 
Excitation functions were measured at as many as eight different angles at the same 
time. When new angles were set, at least one of the previously measured excitation 
functions was repeated to check consistency and reproducibility. This was necessary 
because the melting point of Na is approximately 97'C. However, the beam was al-
ways kept of the order of 0.03 pA, and no deterioration of the target was detected. 
The excitation functions were normalized relatively to each other by measurements 
between 9.8 and 10.2 MeV in 20 keY steps for all angles at which complete excitation 
functions had been measured previously. These cross-section measurements were 
repeated at least twice with different counters for all angles, and the values agreed 
within 2.5 %. Absolute differential cross sections were determined by using the for-
mula 
da - nAe 
- tdQqN 
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where n is the number of counts in the peak considered, A the atomic weight of the 
element of interest in the target, e the charge of the electron, t the target thickness, 
35 (lob) I 
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dQ the solid angle, q the charge passed through the target and N the Avagadro's 
number. 
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The value of tdQ for each detector was calculated by measuring angular distribu-
tions at 1.8 MeV and by measuring excitation functions at four different angles be-
tween 1.8 and 2.0 MeV for the elastically scattered protons and then comparing the 
results with the Rutherford scattering formula. An approximate estimate for the tar-
get thickness is obtained by assuming dQ = 1.0 msr; this gives t = 120±3 pg/cm 2 . 
The peaks in the spectra were added up either by hand or using a computer pro-
gramme which allowed for background subtraction. Since the optical-model and 
compound-nucleus theories describe average cross sections, the fluctuations were 
23 No (P, P.) 
Fig. 2. Angular distributions at I MeV intervals between 8.0 and 12.0 MeV. These were obtained 
from the smooth fits to all excitation functions, three of which are shown in fig. 1. 
averaged out by using a linear least-squares programme to fit smooth curves of the 
form AE  +BE+ C, where E is the energy and A, B and C constants, to the measured 
excitation functions. Three of the excitation functions and their smooth fits are shown 
in fig. 1. 
The most forward angle at which measurements were possible was 35° because for 
angles further forward than this, it was impossible to separate the oxygen and carbon 
elastic scattering from the sodium elastic scattering. For example, at 30°, the separa-
tion between the oxygen and sodium peaks at 8.0 MeV proton energy is approximately 
30 keY. Thus it would require exceptionally good resolution to extend the elastic 
scattering measurements to more forward angles. The angular distributions at 8, 9, 
10, 11 and 12 MeV are shown in fig. 2. 
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4. Errors 
The errors considered were due to statistics, background subtractions, target-thick-
ness measurements, relative and absolute cross-section measurements and fitting of 
smooth curves. All but the last one were straight forward estimations. Here the smooth 
fits were considered to truly represent the average over the whole region, although one 
expects the representation to be better in the middle of the energy range, and in a 
standard way the errors were calculated by considering all points and their deviations 
from the average. 
As can be seen from fig. 4, the errors at 65° are generally larger than the rest. This 
reflects the fact that the counter used at this angle was not of the same quality as the 
others, and there were difficulties with background subtractions and peak separations. 
However, the cross sections between 9.8 and 10.2 MeV are measured accurately. 
Therefore, a steadily increasing error reaching its maximum value of 20 % at both 
ends of the energy region was applied here. Typical errors for the other angles are 
of the order of 6% to 7%. 
5. Method of analyses 
In order to extract meaningful optical-model (OM) parameters from nuclear reac-
tion studies on light nuclei at energies corresponding to approximately 20 MeV or 
greater excitation energy in the compound nucleus, it is necessary to estimate both 
the CN and DR cross sections before comparison with the experimental data. The 
method used most successfully thus far to calculate the CN cross section is that 
developed by Hauser and Feshbach 6)  (HF) and including the width fluctuation cor-
rection factor 7)  (WFC). The imaginary part of the optical potential describes how 
part of the incident flux is removed. Since the HF formalism uses the OM potentials 
without considering that direct reaction also take place in the inelastic channels, the 
calculated CN contributions are theoretically too high. To compensate for this, Wil-
more and Hodgson 8)  introduced the reduction factor (R) by which the calculated 
CN cross sections are multiplied. 
This approach was followed in the analyses of the reaction 23 Na(p, po). For the 
OM and HF calculations, the proton optical-model parameters of Perey 1) were 
favoured over those of Rosen 2)  since the latter parameters to a large extent were 
obtained by fitting polarization data. As mentioned previously, the HF calculations 
including the WFC factor, are very time consuming, and searches were performed 
only on the real and the imaginary OM potentials V and W. 
For the HF calculations, it is necessary to know all possible exit channels. Up to 
approximately 10.5 MeV proton bombarding energy, the energies of all the proton 
exit channels are known 9).  Where the spins were unknown, they were assigned using 
the level density formula of Gilbert and Cameron 10)  The unknown parities were 
assigned on the assumption of equal probability of positive and negative parities. 
The spins and parities for the known neutron exit channels were assigned in the same 
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manner. The neutron OM parameters were those obtained by Perey and Buck 11) 
and the alpha parameters those of Bourke 12) The energy levels, spins and parities 
for the alpha exit channels were taken from ref. 13).  The optimum values for the real 
and imaginary potentials were obtained by minimizing the quantity 
= ± V I0pO\ 
ML 	
) 
where M is the number of data points in the angular distribution, aexp the measured 
value, ath the calculated value and Ja ~
xp 
 the error in exp 
The optical-model programme used in the analysis was the code of Perey t and used 
a potential of the form 
V(r) = Vc(r)+ VJ(r, r0, a)+4a1  WD --f(r, r01 , a,) 
dr 
I h 2  v +a1(—j .-!_0---f(r,ro5 ,a), 
mc/ r dr 
where Vc(r) is the Coulomb potential and V, WD and Vs ,, the depth of the real, 
imaginary and spin-orbit parts of the potential, respectively. The function f(r, r0 , a) 
is the Saxon-Woods form factor 
f(r, r0 , a) = {1 +exp[(r—r0 A)/a]}' 
The f-dependent transmission coefficients 	were calculated by the optical- 
model programme, although generalized transmission coefficients were used in the 
Hauser-Feshbach programme. These are defined by 14) 
= 
6.. Results 
From the smooth fits to the excitation functions, average angular distributions were 
calculated every 0.5 MeV from 8.0 to 12.0 MeY. These were then analysed with the 
method described in sect. 5. Besides varying the real and the imaginary optical poten-
tials, a systematic search was also carried out on the value of the reduction factor R. 
It is also possible that when measuring absolute cross sections for the angular distri-
butions, some systematic error may occur, even though the relative errors between 
the data points are well known. Therefore a normalization parameter N, by which 
all the experimental cross sections were multiplied, was initially introduced as a 
variable parameter in the search for the minimum value of x 2 . The importance of this 
parameter has been pointed out previously 4, 15) . 
As the absolute cross sections were determined in the region of 10 MeV, the first 
search on V, W, R and N was at this energy. It was then repeated at two neighbouring 
The authors are indebted to F. G. Perey for supplying his OM computer code. 
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energies of 9.5 and 10.5 MeV. The results are shown in fig. 3; it is apparent that the 
lowest value of x2  occurs for N = 1.0. The values of x2  were then calculated in steps 
of 0.3 MeV for Vand Wand steps of 0.05 for the reduction factor and the normaliza-
tion parameter, and these are indicated as error bars in fig. 3. The value of unity ob-
tained for N establishes that the absolute cross sections were determined correctly. 
Thus N was kept constant and equal to one in the analysis of all the other angular 
distributions. 



















Fig. 3. Dependence of the minimum values of x2 as a function of the normalization N with the 
corresponding values obtained for V. Wand R. 
with the values of V, W, R and x2 Good fits are obtained at all energies and with 
systematic variations in the parameters. Table 1 compares the values of V and W 
obtained from these angular distributions with the extrapolated values from the for-
mulae of Perey 1) and also lists the values of R and x 2 • 
From the optical-model and Hauser-Feshbach calculations, the average direct and 
compound components of the cross sections as a function of energy and angle were 
extracted. Some of them are shown in fig. 6. It is evident that for all angles the average 
compound nucleus component decreases with increase in energy. This is to be expect-
ed as, with increase in energy, there is an increase in the number of open channels 
by which the compound nucleus can decay, thus the compound nucleus cross section 
in any one channel should decrease provided that both the incident and outgoing 
588 	 J. HELLSTRöM et al. 
particles are sufficiently far above the Coulomb barrier of the target and residual 
nuclei, respectively. The direct-reaction component, however, does not show any such 
trend with energy and angle. Thus, at forward angles it decreases with increase in 
23 
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Fig. 4. The fits obtained to the experimental average angular distributions measured in 0.5 MeV 
steps from 8.0 to 12.0 MeV. 
energy, while at backward angles it increases. Also, the fraction of direct reaction, 
defined by the average direct reaction cross section divided by the average differential 
cross section, does not show any systematic behaviour. This is shown in fig. 7, and it 
is evident that at these energies the fraction of direct reaction need not increase with 
increase in energy. For example at 500,  the fraction of direct reaction decreases with 
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increase in energy. This is because the diffraction pattern for the direct component 
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Fig. 5. Variation of the parameters V, W, R and x2 with proton bombarding energy. 
TABLE 1 
Optical-model parameters from this experiment and extrapolated parameters of Percy 
E(lab) 
Percy 
V W V 
Experiment 
W R 
8.0 51.6 13.5±2 46.8 10.0 0.60 1.14 
8.5 51.3 13.5±2 47.0 10.5 0.70 0.71 
9.0 51.0 13.5±2 47.3 11.0 0.80 0.54 
9.5 50.7 13.5±2 47.3 11.3 0.90 0.45 
10.0 50.5 13.5±2 47.5 11.5 1.00 0.46 
10.5 50.2 13.5±2 47.5 11.5 1.05 0.65 
11.0 49.9 13.5±2 47.5 11.3 1.10 0.87 
11.5 49.7 13.5±2 47.3 10.8 1.00 1.03 
12.0 49.4 13.5±2 46.8 10.0 0.90 2.46 
E, V and W are in MeV 
7. Summary and conclusions 
Fig. 4 indicates that the optical-model and the Hauser-Feshbach theories describe 
the experimental data very well. There is, however, some peculiarity in the way the 
reduction factor varies with energy. Thus fig. 5 shows that the reduction 
factor gradually increases from 0.6 at 8.0 MeV to reach a maximum of 1.1 
at 11.0 MeV and then slowly decreases again. A reduction factor greater than unity 
110 lab 1 
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is unphysical for a normal process. It is also expected that, because of the deformation 
of the "Na nucleus, there will be a coupling between the ground state and the higher 
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Fig. 6. Variation of the DR component (open circles) and the CN component (filled circles) of the 
total absolute differential cross section with proton energy at eight different lab angles as elucidated 
from the theoretical analysis. 
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members of the rotational band, and consequently there should be a considerable 
direct-reaction component in those inelastic channels. Therefore the reduction factor 
expected should be somewhat less than unity. However, if the compound-nucleus 
process is described correctly by the Hauser-Feshbach theory, then a third reaction 
mechanism besides the compound-nucleus and direct-reaction mechanisms could 
have the effect of increasing the reduction factor. Such a mechanism might be that 
described by intermediate structure or doorway states. If such structure were present, 
then the Hauser-Feshbach calculation would attempt to account for it by increasing 




















Fig. 7. Variation of the fraction of direct reaction with lab angle at 8, 10 and 12 MeV obtained from 
the theoretical calculations. 
mass region 16) and for these proton bombarding energies. Meyer-Schutzmeister 
et al. 17) found evidence for intermediate structure in the reaction 23 Na(p, y) for 
incident proton energies between 4.0 and 12.4 MeV. Therefore the large values of the 
reduction factor found here might be regarded as further evidence for the presence 
of intermediate structure in the compound nucleus 24 Mg at these excitation energies. 
As was pointed out earlier, it need not be true that the integrated fraction of direct 
reaction in elastic cross-section measurements should increase with increase in energy 
for these small energy ranges. It may be assumed that this will also be true for the 
inelastic cross sections, although measurements need to be taken to verify this effect. 
If this is so, then it is impossible to predict what energy dependence the reduction 
factor should have, although it should be less than unity for a pure statistical com-
pound-nucleus process. 
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The value of the reduction factor obtained in this experiment also illustrates the 
importance of the width fluctuation correction factor in the Hauser-Feshbach cal-
culation. If this is not included, the calculated compound-nucleus cross sections are 
approximately halved 18) and consequently the reduction factor approximately 
doubled. This would result in values for the reduction factor considerably greater 
than unity which would be unrealistic. 1 
As mentioned in sect. 1, the only proton optical-model parameters varied were the 
real and imaginary potentials. All other parameters were kept fixed at the values given 
by Perey. From the good fits obtained to the data, it would appear that these fixed 
parameters are satisfactory. However, the predicted real and imaginary potentials 
obtained from the extrapolated formulae of Perey do not agree with the values ob-
tained in this experiment. The results are compared in table 1, and it is noted that the 
predicted values are always higher than the experimental values, and that V does not 
exhibit the same systematic trend with energy for each case. However, before drawing 
any conclusion as to the applicability of Perey's parameters to light nuclei, it is neces-
sary to carry out further experiments in this mass region. 
The importance of using average angular distributions for this type of analysis is 
apparent from the fluctuations observed in the excitation functions (fig. 1). If isolated 
angular distributions were used, the interference effects in the reaction mechanisms 
would be predominant, and the parameters obtained would consequently be without 
meaning. For this experiment, all the smooth fits to the excitation functions were as 
good as those shown in fig. 1. There is no doubt that the analysis was performed with 
angular distributions representing true average values. 
The compound nucleus contribution is significant for all energies and angles as 
can be seen from fig. 7. It is therefore absolutely necessary to remove this reaction 
mechanism before performing an optical-model calculation in order to extract mean-
ingful parameters. 
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Abstract: Absolute differential cross sections have been measured for the elastic scattering of protons 
from 31 P and from "Ni. For 31 P the measurements were taken in 10 keV steps from 8.00 to 
8.20 MeV and at 27 angles. For 12 N six angular distributions were measured between 8.00 
and 8.05 MeV. The averaged angular distributions have been analysed using the optical model 
and Hauser-Feshbach theories. The effect of reducing the Hauser-Feshbach contribution 
to allow for direct interaction competition has been investigated. 
E 	
NUCLEAR REACTIONS 31 P(p, po); E = 8.00 to 8.20 MeV; measured a(E, 0). 
Natural target. 62 Ni(p, po);  E = 8.00 to 8.05 MeV; measured (7(E, 0). Enriched target. 
1. Introduction 
At tandem Van de Graaff energies both compound nucleus and direct reaction 
processes have been found to be present in the elastic scattering of particles from 
nuclei 1).  Thus, for those reactions which proceed through regions of many over-
lapping levels in the compound nucleus, the experimental results should be analysed 
by using a combination of the Hauser-Feshbach and optical model theories. The 
applicability of this method, and the errors involved, depend on several factors; some 
of these are the energy of the incident particle, the mass of the target nucleus, the 
energy range over which the angular distribution is averaged, and the value of the 
fluctuation damping coefficient for the statistical part of the reaction. 
Angular distributions have been measured for the elastic scattering of protons from 
31 P and from "Ni to test these factors, and also to obtain some estimate as to the 
applicability of full optical model analysis to elastic scattering measurements and 
when it is necessary to include a compound nucleus contribution. Even though it is 
known that there will generally be a compound nucleus contribution to elastic scat-
tering measurements up to 12 MeV, the effect is quite often ignored when analysing 
experimental results. It is the purpose of this paper to offer some suggestions on the 
method of analysis for elastic scattering experiments. These suggestions may generally 
be extended to include inelastic measurements where a direct reaction theory is appli-
cable. 
2. Theory 
In using the combined optical model and Hauser-Feshbach theories it must be 
remembered that these apply only to the average differential cross sections. It is im- 
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possible to combine these theories for isolated angular distributions because of the 
interference effects between the two competing mechanisms. 
However, when using averaged angular distributions these interference effects can-
cel out and the addition of the two independent differential cross sections is possible 2). 
The energy range over which the averaging must be done before a satisfactory rep-
resentation of the average cross section is obtained depends on the mean level width 
in the compound nucleus, the spins of the target nucleus and incoming particle and 
the fraction of direct reaction present 3).  It is generally accepted that optical model 
calculations will be more satisfactory for heavier mass nuclei than for lighter nuclei 
because of the improvement in the nucleon-nucleus interaction approximation. How-
ever, if it is considered that this approximation is equally valid for all nuclei, it may 
still be possible to explain the relatively poor agreement for lighter mass nuclei by 
the neglect of the compound nucleus contribution. 
Firstly, the fraction of direct reaction will generally increase with increase in mass 
number because of the increase in the number of possible exit channels which remove 
the compound nucleus contribution. Secondly, the mean level widths in the compound 
nucleus play an important part in the errors involved. For example, in the present case 
the mean level widths for 31 P and "Ni are approximately 20 keV [ref.')] and 4 keV 
[ref. 5)]  respectively. This means that differential cross section excitation functions 
will exhibit fluctuations with these widths and the amplitude of these fluctuations de-
pends on the fraction of direct reaction present, and on the spins of the particles in-
volved. If, for example, the combined energy resolution due to beam spread and tar-
get thickness is 20 keY, then for an isolated angular distribution the energy averaging 
is over approximately one fluctuation for 31 P and approximately five fluctuations for 
62Ni. Therefore, the interference terms in the 62Ni angular distribution will be con-
siderably reduced compared with those for 31P and the angular distribution will be a 
better representation of the average angular distribution. 
Therefore, if account is taken of all these facts, it may be possible to obtain equally 
good fits for light nuclei as for medium and heavy nuclei. 
The optical model program used in the analysis is the code of Perey 6)  and uses a 
potential of the form: 
V(r) = Vc(r)+ Vsf(r,  r0 , as) +4aWD --f(r, r 0 , a.) 
dr 
M"J+0
1 	 f(r, r0 , as), 
/
m, 	r dr 
where Vc(r) is the Coulomb potential and V, W D  and V are the depths of the real, 
imaginary and spin-orbit parts of the potential respectively. The function f(r, r0 , a) 
is the Saxon-Woods form factor 
f(r, r0 , a) = {1 + exp [(r - r0 A4)/a]} . 
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The compound nucleus contribution is calculated from a computer code using the 
Hauser-Feshbach theory 7)  and including the width fluctuation correction factor 
8) 
Elastic scattering measurements are considered to be the most sensitive for testing 
the applicability of this correction factor as the cross sections should be enhanced by 
approximately a factor of two over the standard calculation 9). The ccmputer code 
allowed for the estimation of all possible exit channels using the level density for-
mula of Gilbert and Cameron 10). The calculation of the transmission coefficients 
was done with the optical model program. However, the compound nucleus program 
did not allow for the inclusion off-dependent transmission coefficients and instead 
generalised transmission coefficients were used. These are defined by 11) 
= (1 + i)T, + lT[}f(2l + 1), 
where the superscript (±) refers to the vector composition of spin and orbital an-
gular momenta to a resultant f = 1 ±4. 
To calculate the transmission coefficients for decay to all the final states of a partic-
ular nucleus it is necessary to use the parameters for the ground state decay. This is 
because the energy dependence of these parameters is generally unknown, especially 
for energies below 8 MeV. 
As has been pointed out by Wilmore and Hodgson 1 2) the absolute values of the 
compound nucleus cross section calculated with the Hauser-Feshbach theory neglect 
the effect of any direct reaction component in the outgoing reaction channels. This is 
because the theory assumes that all the flux removed from the shape elastic channel 
goes into the compound nucleus process. If some of this flux goes into the direct reac-
tion processes, then it is necessary to reduce the calculated Hauser-Feshbach cross 
sections. If the total direct reaction cross section is cr and the total reaction cross sec-
tion is 0R then it might be expected that this reduction factor should be 1 - rDI/R. 
However, besides the inability to calculate 0D1 it has been found experimentally that 
this factor varies for different reaction channels 12). It is therefore impossible to 
theoretically estimate what value should be used and it must be included as a variable 
in the fitting procedure. 
The fitting procedure consisted of minimizing the quantity 
4 — 1 
M (a, T\
I,M=i 	E / 
where 5T = (aOM + REx aHFM) and orE = F X 0exp 
Here 00M  is the optical model calculation of the direct reaction contribution at a 
given angle, 0HFM is the compound nucleus calculation at this angle, 0e,qp is the ex-
perimental measurement at this angle, 517  is the error on 0E RFis the reduction factor, 
F is the normalization parameter, and M is the number of points in the angular dis-
tribution. It was necessary to include a normalization factor because of an error found 
in the calibration of the current integrator after completion of the experiments. 
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The parameters which were searched on were the real and imaginary potentials for 
the proton channel, the reduction factor, and the normalization. It should be pointed 
out that considerable care should be taken when varying the reduction factor, es-
pecially for angular distributions for which there is only a very small compound 
nucleus component. This is because if there is a systematic error in the determination 
of the absolute cross section then the reduction factor will try to compensate for it. 
If this error on the absolute cross section is defined as 5OT then the error on the 
reduction factor is given by 
) RF 	OTk 	UT 
For a 5 % error on the absolute cross section this gives a 5.6 % error on the reduction 
factor for a 10 % direct interaction contribution. However, for a 90 % direct interac-
tion contribution, the error on the reduction factor becomes 50 %. This point is fur -
ther illustrated in the analysis of the averaged angular distribution for 62Ni(p, Po) 
in sect. 5. 
3. Experimental techniques 
The present work was performed with a proton beam from the ANU tandem 
Van de Graaff accelerator. After analysis in a 90° magnet, the beam was collimated 
in the beam line to give an angular divergence of less than 0.2°. 
The 31 P target of thickness 50 jg/cm 2 was prepared by vacuum evaporation of 
natural phosphorus onto a 10 tg/cm 2 carbon backing. The 20 tg/cm 2 62Ni 
target was prepared by evaporation of isotopically enriched (> 99 %) 62 Ni onto 
10 JLg/cm 2  carbon backing. These targets were placed at 45° to the beam direction 
at the centre of a 50 cm scattering chamber. 
An array of eight 1000 it ORTEC silicon surface barrier detectors were used to 
count the scattered protons. The angular resolution was approximately 0.5°, and the 
error in positioning of the counters was estimated to be less than +0.2'. The spectra 
from these eight counters were recorded simultaneously using an IBM 1800 computer. 
The beam was collected in a Faraday cup with an intermediate electrode biased to 
—300 V for electron suppression. 
The absolute cross sections were calculated by using Rutherford scattering of 2.0 
MeV protons to measure the product of the target thickness times the solid angle 
subtended by each counter. 
4. The reaction 31P(p, Po) 
Excitation functions were measured in 10 keV steps from 8.00 to 8.20 MeV incident 
proton energy, and for angles from 30 0 (lab) to 160°(lab) in 50  intervals. The cross 
sections from these excitation functions were then averaged to obtain the angular 
distributions corresponding to a mean energy of 8.10 MeV used in the analysis. 
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Typical examples of the fluctuations expected for various fractions of direct reac-
tion (I'D) are shown in the excitation functions of fig. 1. Also shown are the cal-
culated values of the fluctuation damping coefficient (N). These were obtained from 
















PROTON ENERGY (MeV) 
Fig. I. Three excitation functions for 31 P(p, Po)  measured in 10 keV steps between 8.00 and 8.20 
MeV. The crosses at 8.10 MeV indicate the mean cross sections from the full range and the error bars 
are due only to the FRD effects. The absolute values include the normalization factor. 
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crosses indicate the mean values used in the averaged angular distribution. The error 
bars contain only the estimated finite range of data (FRD) errors due to the statistical 
nature of the reaction. 
In calculating the compound nucleus cross section it is necessary to know all the 
possible exit channels and these were obtained from Endt and Van der Leun 14). 
Altogether 48 exit channels were used, consisting of 35 proton channels, 11 alpha 
channels and 2 neutron channels. Where the spins and parities were unknown they 
were assigned on the basis of the Gilbert and Cameron level density formula 10). 
The alpha particle parameters were used from Weiss and Davis 15)  and the neutron 
parameters were from Perey and Buck 16).  It was found that varying these parameters 
did not significantly effect the proton elastic and inelastic cross sections although 
varying the alpha potentials did effect the alpha channel cross sections. 
The errors on the data points were assumed to arise from (i) background subtrac-
tion and peak summation errors, (ii) relative error between angles due to the nor-
malization of the different counters and solid angles used, and (iii) a finite range of data 
error due to the statistical nature of the compound nucleus component of the cross 
section 17. 18). This last error is really a statistical error on the theoretical Hauser-
Feshbach calculation but is converted to an experimental error for the purpose of 
analysis. The expression for this FRD error is given by 3) 
Error = <a> 	(1— Y), 
where a = 21Narctg n—iIn' In (l+n2 ), with n = (energy range, AE)/(mean level 
width, f'), N = fluctuation damping coefficient, <a> = average cross section mea-
sured over the energy range AE and 1'D = fraction of direct reaction in the average 
cross section = <aD>/<a>. This error is the main contribution where 1'D  is a mini-
mum but is small where 17D  is large. 
A further error is due to the determination of the absolute magnitude of the cross 
sections. However, because there was found to be an error in the calibration of the 
current integrator after both the 31 P and 62  N experiments were completed it was 
necessary to include the normalization as a free parameter in the search routine. 
A search was then carried out varying the real and imaginary proton optical po-
tentials, the reduction factor, and the absolute normalization. All other proton op-
tical model parameters were kept fixed at the values given by Perey 6).  This enables 
the results to be compared with the previously predicted mass and energy dependent 
formulae for V and W. As has been pointed out by Perey and Perey 19)  there are 
indications of a variation of the shape of the potential as a function of energy so that 
the geometrical parameters used here may not be the most suitable. However, it was 
impossible to carry out a search over all parameters because of the prohibitive time 
taken in doing the Hauser-Feshbach calculation. Fig. 2 shows the best fits obtained 
for various values of the absolute normalization. This gives a best fit for a normaliza-
tion of 0.81. It was expected, from the error in the current integration, that a normali- 
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zation of less than unity would be needed and when comparing the value obtained 
here with that obtained in the 62Ni(p, Po)  analysis a constant result is found. 
Having estimated the normalization parameter is was then necessary to check the 
accuracy of the fitting procedure on the variations in the reduction factor, V and W. 
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Fig. 2. Four parameter search on the averaged angular distribution for proton elastic scattering 
from 31 P. For each value of the normalization the parameters W, V and the reduction factor were 
varied to minimize A. 
Fig. 3 shows the values of 4, V and W for the best fits as a function of the reduction 
factor. It can be seen that the method is quite sensitive to the value of the reduction 
factor and enables an accurate estimate of its value to be determined. 
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Fig. 3. The dependence of LI on the reduction factor with a normali- 
zation of 0.81 for the elastic scattering of protons from 31 P. For each 
value of the reduction factor the parameters W and V were varied to 
minimize ,L1. 
ANGLE (cm) 
Fig. 4. The best fit obtained to the averaged angular distribution for 
the reaction 31 P(p, Po)  at a mean incident proton energy of 8.10 McV. 
The calculated shape elastic (SE), compound elastic (CE) and total elas- 
tic (SE+CE) cross sections are as indicated. 
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Generally a value of 4 less than one is regarded as meaningless because of the ac-
curacy,is implied. However, when the FRD errors are a major contribution the errors 
for nearby angles are correlated and the experimental points will no longer have a 
statistical distribution about the theoretical values. When this is so it is difficult to 
attach any confidence limit to the absolute value of 4, although it might be expected 
that for good fits values of 4 << 1.0 would be significant. 
Fig. 4 shows the final results with V = 53.1, W = 8.3 and a reduction factor of 
0.90. These values have been obtained using the width fluctuation correction factor 
in the compound nucleus calculations. If this is not included then the calculated com-
pound nucleus cross sections are approximately half their true value. Therefore, it 
may be assumed that a fitting procedure would give a reduction factor of approxi-
mately 1.8 in this case. However, this is unrealistic as a reduction factor of greater 
than 1.0 is impossible. It is thus necessary to include the width fluctuation correction 
in the Hauser-Feshbach calculations. The value of 0.90 for the reduction factor il-
lustrates that very little direct reaction is occurring in the inelastic channels. A previous 
analysis of the 31p  (p, c) reaction between 8.5 and 12.3 MeV for the ground and first 
excited state groups has found no evidence for direct reaction 20).  Also because of 
the small cross sections observed in this experiment in the proton inelastic channels 
it is considered that there is very little direct reaction present. The value of 0.90 is thus 
a realistic estimate for the reduction factor. As has been mentioned previously, if the 
measurement of the absolute cross section is assumed accurate, and if the compound 
and total differential cross sections have similar angular distributions, then any error 
in the absolute cross section will appear as a compensating error in the reduction 
factor. For cases where these angular distributions are very different, as in the present 
example, this will be a small effect. However, it may be significant in the analysis of 
inelastic scattering data. 
5. The reaction 62Ni(p, Po) 
Six elastic scattering angular distributions were measured for incident proton ener-
gies from 8.00 to 8.05 MeV in 10 keV intervals. The target thickness of 20 jig/cm 2 gives 
an energy loss of less than 1 keV so that the overall beam resolution should be ap-
proximately that normally found on a tandem Van de Graaff; that is, it should be less 
than 5 keV. Normally elastic scattering measurements should be taken with thick 
targets to obtain an averaged cross section; however, it was intended here to investi-
gate the effect when the energy resolution and the mean level width in the compound 
nucleus are comparable. 
The steps of 10 keY used in measuring the angular distributions correspond to 
approximately two to three times the mean level width in the compound nucleus 63 Cu. 
Thus it is expected that there should be very little correlation in the angular distri-
butions due to the statistical nature of the compound nucleus contribution to the cross 
sections 21).  In fig. 5, three excitation functions taken in 5 keY steps from 8.000 to 
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8.355 MeV for angles of 100°, 120° and 140°(lab) are shown. It is evident from these 
that the above conclusions should be valid. 
In fig. 6a, three of the angular distributions have been superimposed and it is seen 
that considerable variations in the cross sections do occur for angles greater than 
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Fig. 5. Three excitation functions for the reaction 62Ni(, Po) measured in 5 keV steps between 
8.000 and 8.355 MeV. 
approximately 60°. Thus it is necessary to average all the angular distributions before 
trying to fit the data with the optical model and Hauser-Feshbach theories. A similar 













PROTON ELASTIC SCATTERING 	 297 
possible exit channels are unknown and it was necessary to use the level density for-
mula of Gilbert and Cameron to estimate them 10).  For the average incident proton 
energy of 8.025 MeV this gave a total of 155 open channels, consisting of 89 proton 
channels, 14 alpha channels and 52 neutron channels. The parameters used were those 
of Perey 6) for protons and neutrons and of McFadden and Satchler 
22) for alphas. 
The only parameters varied were again the real and imaginary proton potentials, the 
reduction factor, and the absolute normalization. The errors were also calculated as 
for 31P although the finite range of data error due to the statistical nature of the corn- 
"I. 
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Fig. 6. (a) Smooth curves representing three of the measured angular distributions for the elastic 
scattering of protons from "Ni. 
(b) The averaged angular distribution and the best fit obtained using the combined shape elastic 
(SE) and compound elastic (CE) calculations. 
pound nucleus part of the cross section used the assumption that each angular dis-
tribution was independent. 
Fig. 7 shows the results for the best fits as a function of the noirnalization and the 
best value is with a normalization of 0.80. This compares very favourably with the 
result of 0.81 obtained in 31 P elastic scattering and is evidence that the systematic 
error is probably due to the inaccurate calibration of the current integrator. The pro-
ton optical model potentials obtained were V = 55.2 MeV and W = 10.8 MeV to-
gether with a reduction factor of 0.45 for the Hauser-Feshbach calculation (including 
the width fluctuation correction factor). The fit is shown in fig. 6b and it would appear 
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that pure shape elastic gives a better fit, especially for the very backward angles. How-
ever, this is not so because the combined theories fit better for all angles between 50 0 
and 125° and because of the different weighting of the points due to the FRD errors. 
If there is no compound elastic cross section then these contributions to the errors 
become zero. To test this a pure optical model search was done on the averaged 
02 
Ni(p,po) 
• . • 	 W(MeV) 
. . 	V (MeV) 
REDUCTION 
FACTOR 
• U.0 	 09 	 1 . 0 
NORMALISATION 
Fig. 7. Four parameter search on the averaged angular distribution for proton elastic scattering 
from 62Ni. For each value of the normalization the parameters W, V and the reduction factor were 
varied to minimize A. 
angular distribution and this gave V = 55.2 MeV, W = 10.1 MeV and 4 = 2.2. 
This compares with 4 = 1.0 obtained using the combined calculations. 
It is interesting to note that, for example, at 90°(lab) where the calculated average 
compound nucleus contribution is only 2 % there is a maximum variation of 40 % 
between the cross sections for the individual angular distributions. This illustrates the 
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it is impossible to do either a pure optical model, or a combined optical model plus 
Hauser-Feshbach analysis on individual angular distributions, if the energy resolu-
tion is comparable to the mean level width in the compound nucleus. This type of 
analysis should only be done for average cross sections obtained from several angular 
distributions. 
Table 1 summarizes the results and includes the fits to the individual angular distri-
butions assuming that there is only shape elastic present. Although this is incorrect it 
does illustrate the errors which can occur if fitting is only done to isolated angular 
distributions. That is, the apparent fluctuations in the potentials are due to the inter-
ference effects between the direct and compound reaction cross sections. It may be 
TABLE I 
Results of the analysis of individual and averaged angular distributions for the reaction 62 Ni(p, po) 
Energy 	Type of 	 V 	 W 	 A 
(MeV) analysis (MeV) (MeV) 
8.00 OM 52.9 8.3 8.7 
8.01 OM 55.5 8.8 3.1 
8.02 OM 55.4 8.9 7.8 
8.03 OM 56.6 9.3 8.1 
8.04 OM 53.4 11.0 12.7 
8.05 OM 54.6 10.7 14.2 
<8.025> OM 55.2 10.1 2.2 
<8.025> OM+HF 55.2 10.8 1.0 
All angular distributions have been analysed using only the optical model theory (OM) while the 
averaged angular distribution has been analysed combining both the optical model and Hauser-
Feshbach theories (OM+HF). 
said that generally much thicker targets are used for these types of analyses so that 
the averaging is effectively done over many compound nucleus states. However, it 
has been shown that the important parameter is not the energy range AE but the ratio 
AE/f, where F is the mean level width in the compound nucleus 21). Thus these 
results may be compared to scattering from lighter nuclei, where F is much larger, 
and using very thick targets. 
The reduction factor obtained of 0.45 again illustrates the importance of the width 
fluctuation correction factor; if it were not included then a value greater than unity 
would be obtained since for this experiment the basic Hauser-Feshbach cross section 
is approximately one third of the modified value. However, for angular distributions 
where there is only a very small compound nucleus component the estimation of the 
reduction factor can contain very large errors. This is shown in fig. 8 where the best 
fit values for A, V and W are compared as functions of the reduction factor. It is 
apparent that in this experiment the reduction factor has very little meaning. 
The three excitation functions shown in fig. 5 were then analysed using the theory 
of fluctuations to obtain estimates for the amount of direct reaction present. The 
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basic equation for estimating this quantity is 23) 
C(e=O)= 	 (1) 
N 
where C(e = 0) is the autocorrelation defined by <o 2 >/<a>2—  1, N is the fluctuation 
damping coefficient and YD = <aD>I<o). However, bias effects due to the finite range 
of data 17.18  ) must be included and also the effect of the energy resolution of the in-
cident beam 24)  must be taken into account. Combining the expressions for these 
2 Ni(p,pe) 




Fig. 8. The dependence of LI on the reduction factor with a normalization of 0.80 foi the elastic 
scattering of protons from "Ni. For each value of the reduction factor the parameters W and V were 
varied to minimize A. 
effects, eq. (1) becomes 
C(c = 0) 	
/ (7rr
? + i'= (1—a)(1—Y) 
 N+a(1—Y) 
where p = incident beam resolution (rectangular function), 
a = arctgn — 	ln (1+ n2 ), 
n = LIE/f. 
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It was found that the calculation of Y. by this method was fairly insensitive to changes 
in the beam resolution and target thickness. Thus table 2 summarizes the results for 
an assumed F of 3 to 5 keY and a resolution of 2 to 5 keV. The values obtained by the 
statistical model were higher than those from the combined optical model and Hauser -
Feshbach predictions. However, this is to be expected as the statistical model estimates 
are for the mean values over the energy range of 8.000 to 8.355 MeV whereas the 
fitting of the angular distribution is done at 8.025 MeV. It is reasonable to assume 
that the fraction of direct reaction will increase with increased energy. 
TABLE 2 
Calculations of the fraction of direct reaction (Y0) for the reaction 62 Ni(p, po),  from both the 
angular distributions and the excitation functions 
Angle (lab) 	 Angular distributions 	Excitation functions 
100 	 0.98 	 0.99 
120 0.97 0.98 
140 	 0.88 	 0.95 
6. Conclusions 
From the analysis of the two reactions 31 P(p, Po)  and 62 Ni(p, Po)  it is evident that 
the effect of the compound nucleus cross section must be considered, even for reac-
tions consisting of greater than 90 % direct reaction. The calculated fractions of direct 
reaction are shown in fig. 9 for the two cases. It can be seen by using figs. 4 and 9 that 
for 31 P the compound nucleus contribution must be included directly as a Hauser-
Feshbach calculation. However, from figs. 6b and 9 it is seen that for "Ni the aver-
aging of a sufficient number of angular distributions will enable good representations 
to be made with only an optical model calculation. For both cases it is necessary to 
measure the averaged cross sections over a sufficient energy range in the compound 
nucleus to remove the interference effects. Thus the effect of the mean level width in 
the compound nucleus and the target thickness must be considered. 
For light nuclei it is impossible to obtain a sufficient energy range by using thick 
targets and it is necessary to do the averaging by either measuring separate angular 
distributions or by measuring excitation functions at all angles. For heavier nuclei 
it may be possible to do the averaging by using thick targets although this has to be 
very carefully investigated. For all these calculations it is important to include the 
FRD error in the averaged angular distribution as this will give a correct weighting 
to all the points. 
These ideas may be extended to very light nuclei if it is considered that the nucleon-
nucleus assumption is applicable and the optical model theory is satisfactory. Because 
of the small number of exit channels the compound nucleus contribution is very sig-
nificant for light nuclei and must be included in the calculation. Also because of the 
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large widths in the compound nucleus the energy averaging must be done over a very 
large range, and within this range it is possible to have variations in the optical model 
parameters. Therefore, excitation functions should be measured and any energy 
variation of the mean cross section should be investigated. 
The estimation of the reduction factor is found to be meaningful when there is a 
significant compound nucleus contribution at some of the angles. Thus for 31P(p, Po) 




40 	 HO 	 120 	 160 
ANGLE (cm) 
Fig. 9. The variation of the calculated fraction of direct reaction with angle for the two reactions 
31 P(p, Po)  and 62Ni(p, Po).  These have been obtained from the best fits shown in figs. 4 and 6b 
respectively. The circles are the estimated values obtained by a statistical analysis of the three exci- 
tation functions shown in fig. 5 for the 62Ni(p, P0)  reaction. 
a reduction factor of 0.90 was obtained. However, when the compound nucleus con-
tribution is small as for 62 Ni(p, ps),  it is impossible to obtain an accurate estimate of 
its value. It is also found necessary to include the width fluctuation correction factor 
in the Hauser-Feshbach calculation although again the results from 31 P(p, Po)  are 
more conclusive than from 62Ni(p, po). 
The values of the proton optical model potentials found, together with the estimated 
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mulae are 
V = 53.3 -0.55E+ 
27(N—Z) 
 
A 	A 4 
W = 3A 4 . 
Although both the real and imaginary potentials differ from the predicted values they 
do exhibit the same dependence on mass. 
TABLE 3 
Summary of the final potentials obtained for the reaction 31P(p, Po)  and 62Ni(p, Po)  and the theoreti- 
cal predictions using the formulae of Perey 
311,
(p) 	 31 P(th) 	 62Ni( , fl) 	 62Ni( tb) 
V (MeV) 	53.1 	51.6 	 55.2 	54.3 
W(MeV) 8.1 9.4 10.8 11.9 
These methods of analyses do not only apply to proton elastic scattering but should 
be extended to all forms of elastic and inelastic reaction measurements where a com-
pound nucleus contribution is present. The magnitude of the fluctuations in the cross 
section depends on many factors among them being the incident beam resolution, 
the mean level width in the compound nucleus, the amount of direct reaction, the 
spins of the target and residual nucleus, and the spins of the incident and outgoing 
particles. These should all be considered before measuring and analysing nuclear 
reaction data. 
• The authors wish to thank Professors K. J. Le Couteur and E. W. Titterton for 
critical reading of the manuscript. 
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Abstract: The reaction 62Ni(p, ny) 62Cu has been used to investigate the low-lying levels of "Cu 
and their p-decay. Gamma-ray angular distributions were carried out using incident proton 
energies close to threshold for the states under investigation and comparison of these results 
were made with the predictions of the compound nucleus statistical model. In addition to 
levels seen in the /EC decay of 62Zn, namely the ground state (If),  40.84 keV (2 1 ), 243.43 
keV (21),  287.86 keV (21),  548.25 keV (if)  and 637.20 (l), other levels were found at 
389.9 keV, 426.1 keV, 644.9 keY, 675.1 keY, 698.3 keY, 727.5 keV, 756.3 keY and 915.5 keV. 
The 426.1 keV, 675.1 keY and 727.5 keYstates are assigned to be 3, 3 1 and 2" respectively, 
and possible spin values for the remaining levels are advanced. Gamma-ray branching ratios 
were obtained, and a decay scheme for 62 Cu comprising 30 transitions is presented. 
E 
NUCLEAR REACTION 62Ni(p, nv), E = 4.7-5.9 MeV; measured K),, i,, 
o(E; E, Or),  yy-coin; "Cu deduced levels, J, m, y-mixing, y-branching Ge(Li) spectrometers. 
Enriched target. 
1. Introduction 
In recent years several groups of experimenters have studied the nucleus 62 Cu, 
either by observing the y-decay of its levels following the /3/EC decay of 9.3 h 
62Zn [refs. 1-4)],  or through the 63Cu(d, t)6  'Cu reaction 5 ) and the 61 Ni( 3He, d) 62Cu 
reaction 6) 
The present authors have made a study of the 62Ni(p, ny) 62Cu reaction with a 
view to complementing these earlier studies. This type of reaction is a powerful 
method of investigating the properties of nuclei, especially where there exist numerous, 
or closely spaced levels in the product nucleus. The outgoing neutrons do not ex-
perience any Coulomb repulsion. Hence by observing the y-ray spectrum as a function 
of bombarding energy in the vicinity of the neutron threshold for production of a 
level, it is possible to identify the decay mode of the level. Furthermore, no transitions 
from higher levels occur to complicate the interpretation. Another attribute of this 
technique consists in the fact that hitherto unknown levels, which cannot be populated 
by a suitable /3-decay from a neighbouring isobar because of a substantial spin change 
in the process, can now be revealed. 
In the present work a series of y-spectra were recorded using Ge(Li) detectors and 
with the aid of yy coincidence spectra, a comprehensive decay scheme was deduced 
6111 
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for "Cu. A series of y-ray angular distributions at different bombarding energies was 
carried out. Comparison of the results with the predictions of the compound nucleus 
statistical model enabled spin assignments for states in "Cu to be proposed. 
Similar studies using the (p, ny) reaction have been carried out using "Ni and 
"Ni targets by Birstein et al. 7)  and Davidson et al. 8)  respectively. A noteworthy 
paper on energy averaged y-ray angular distributions in this mass region, also by 
Birstein et al., has indicated the success of the technique 9).  A study by Rickards 
et al. 10)  on the 62Ni(p, n) 6  'Cu reaction, where the neutron spectra were measured 
with a view to energy calibration of a tandem accelerator, resulted in establishing 
the Q-value at —4.735 MeV and two excited states at 40 keY and 293 keV. The 
present work indicated that within the first MeV of excitation the decay structure of 
62CU is indeed very complex. 
A short communication on the existence of a J7 = 3 ' 426 keY level has been 
published previously h1) 
2. Experimental techniques 
The experimental procedure resembles closely that adopted when the 
64Ni(p, ny) 64Cu reaction was investigated in this laboratory 8).  The ANU tandem 
Van de Graaff accelerator was used to provide the proton beam. 
Targets of thickness 	150 pg/cm2 , prepared by vacuum evaporation of 99.0 % 
isotopically enriched 62 N onto thin carbon supports ( 10 pg/cm 2 ), were placed 
in a small cylindrical chamber which had a flat perspex wall on one side. A. 2 cm 3 
Simtec Ge(Li) spectrometer (resolution 3.0 keY at 1332 keV) placed adjacent to 
this perspex wall, at 90° with respect to the beam axis and 5 cm from the target, was 
employed to study the y-decay in "Cu. A shielded beam dump was situated 3 m 
away. 
For the y-ray angular distribution studies, 62Ni targets of 0.9 mg/cm' thickness 
were built up by successive evaporations onto tantalum foils of thickness 125 pm. 
When positioned at 45° to the incoming beam, this thickness of nickel corresponds 
to 60 keY energy loss. These composite targets were situated on the vertical axis 
of a 10 cm diameter cylindrical perspex chamber mounted over a horizontal corre-
lation table at the end of a beam line. Since the proton beam was stopped in the target, 
a 30 cm' Ge(Li) counter could be moved to any angular position between 0° and 90° 
with respect to the beam direction. A 40 cm' Ge(Li) counter mounted permanently 
at the opposite 90° position acted as a monitor. 
The angular distributions were corrected for absorption in the tantalum supports 
and for instrumental anisotropies. They were fitted using the method of least squares 
to an even order Legendre polynomial expansion and the resulting coefficients were 
corrected for the finite size of the Ge(Li) counter. 
A brief two-parameter yy coincidence run using the two large coaxial Ge(Li) 
spectrometers mentioned above was undertaken to confirm the placement of y-rays 
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Fig. 1. A typical y-spectrum observed at 900  to the beam axis with the 2 cm 3 Ge(Li) spectrometer. 
The peaks at 126.7 keV, and at 843 and 876 keY, are believed to come from an impurity, and proton 
inelastic scattering on 27A1 and 62Ni respectively. The 146.5 keY y-ray was seen more clearly in the 
coincidence work. The contaminant peak at 695 keV is due to an E0 electron conversion transition 
in 72Ge following inelastic neutron scattering, and is broadened on account of the recoiling germani- 
um ions 14).  A similar less intense peak at 596 keV from 74Ge(n, n'y) is obscured by the 596.6 keV 
y-ray observed in the present reaction 14)•  The 507 keY transition is obscured by the annihilation 





































111111111 U II_lilhlui__I 




















Fig. 2. Final decay scheme for the low-lying states in 62Cu. At the left of the figure are shown the excitation energies attained at four different 
proton energies. Spin assignments for levels above 640 keY stem from the present work. The 3 1  assignment for the 426.1 keV level comes from 
a previous measurement 11). The 3 1  assignment for the 389.9 keV isomeric state comes from the recent work of Sunyar etal. 
21).  The present 
study agrees with the spins for the 40.8, 243.4, 287.9, 548.2 and 637.2 keV states put forward by Hoffman and Sarantites 
4). The three levels 
fed by 62Zn decay are shown at the right. Gamma rays which originate from new levels and were observed to be coincident with previously 
established y-rays are indicated by filled circles. 
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deduced from y-ray singles measurements. The data were stored on the disk file 
facility attached to an IBM 1800 computer using the related address technique. The 
two Ge(Li) detectors placed close to the target encountered a strong neutron flux 
which is known to have a detrimental effect 12),  and hence the spectra were collected 
for a minimum length of time. Confidence in the overall correctness of the 62  Cu decay 
scheme was substantiated by coincidence relationships between the more prominent 
y-rays. 
3. The decay scheme 
About 30 y-ray singles spectra were recorded using the 2 cm 3 Ge(Li) detector at 
incident proton energies ranging from 4.81 to 5.93 MeV. A typical spectrum is shown 
in fig. 1, and the final decay scheme is shown in fig. 2. For the levels below 640 keV 
excitation energy in 62Cu, the present measurements were in accord with the level 
scheme proposed by Hoffman and Sarantites 4). However two additional levels at 
389.9 keV and 426.1 keY were established. 
The 389.9 keY level was excited very weakly in the (p, n) reaction. In fact only 
by going to an energy 100 key above threshold for this level could its principal 
de-exciting y-ray at 349.1 keY be observed. Confidence in the existence of this 389.9 
keY level was strengthened from consideration of the coincidence spectra. A 146.5 
keY y-ray was seen to be coincident with the 243.4 keY y-ray from the second excited 
state, and a 285.2 keY y-ray, considered to depopulate a level at 675.1 keY, was seen 
to be in coincidence with the 349.1 keY y-ray. 
In contrast, the 426.1 keY level was strongly populated in the (p, n) reaction, and 
was observed to decay by a single 385.2 keY transition to the first excited state at 
40.8 keY [ref. 11)] 
In order to investigate the little studied region above the 637.2 keY state, a series 
of y-spectra was taken corresponding to 20 keY increments in proton bombarding 
energy. The proton energies correspond to a range of 630 to 1100 keY excitation in 
62Cu 
A 644.9 keY y-ray was observed at E P  = 5.48 MeV. The absence of the 634.4 keY 
y-ray in the spectrum indicates that the 675.1 keV state was not yet excited. Con-
sequently the 644.9 keV transition is considered to decay to the ground state. The 
levels at 675.1 keY, 698.3 keY and 915.5 keY (the precise energies derive from the 
present work) established in particle transfer reactions 5,6,13)  were observed to 
decay by y-emission to lower levels in 62 Cu. Two new levels were found at 727.5 keY 
and 756.3 keY. Evidence for y-decay from levels higher than 915.5 keY excitation 
could not be definitely established from this study. 
The level structure and decay scheme for 62 Cu arising from. the present study is 
summarised in fig. 2. The branching ratios were derived from y-spectra taken with 
the 2 cm' Ge(Li) detector placed at the 55° position, with the exception of those for 
the 548.2 keY and 637.2 keY levels, which were taken from ref. 4).  Definite new 
544 	 W. F. DAVIDSON et al. 
coincidence relationships over and above those given by Hoffman and Sarantites 4) 
are denoted by filled circles in fig. 2. 
The energies of new y-rays observed in this study were established to an accuracy 
of ±0.3 keV using the energies of the more intense y-rays in ref. 4)  and the energy of 
the 385.23 keY y-ray determined in ref. 8)  as standards. The error on the 915.8 keV 
y-ray is ±0.6 keY. In fig. 2 the energies of y-rays and of levels associated with 62Zn 
decay are taken from the work of Hoffman and Sarantites 4). The energies of the 
389.9 keV level, the 426.1 keY level and those levels higher in excitation than 640 
keY are considered to be accurate to ±0.3 keY. 
4. Gamma-ray angular distributions 
To enable spin assignments in 62Cu to be deduced, energy averaged y-ray angular 
distributions were measured close to threshold for the different levels considered. In 
brief, the experimental procedure and theoretical analysis closely follows previous 
TABLE 1 
Final experimental values of Legendre expansion coefficients resulting from y-ray angular distribution 
measurements in the reaction 62 Ni(p, ny)62 Cu 
E(MeV) 	E7(keV) 	 A 2 	 A 4  
243.43 -0.30±0.04 -0.05±0.06 
5.15 246.7 0.00±0.04 -0.02±0.05 
5.34 385.23 -0.53 ±0.03 -0.03±0.04 
5.45 548.3 0.01±0.03 0.01±0.04 
5.66 596.6 -0.07±0.05 
5.66 644.9 0.03±0.04 
431.6 -0.41±0.08 
5.66 634.4 -0.57±0.08 
272.2 -0.09±0.06 
5.66 454.8 0.27±0.05 
- 	 657.5 -0.25±0.05 
484.1 0.37±0.06 	- 
5.66 1 	727.5 0.36±0.10 
5.66 756 -0.5 
publications from this laboratory ',  "). The theoretical formulae for the angular 
distributions of y-rays following a compound nucleus process such as the (p, n) 
reaction considered here have been documented by Sheldon and Van Patter 
15), 
and more recently by Sheldon and Strang 16). The computer code MANDY [ref. 
15)] 
was used to calculate theoretical distributions for a range of spin sequences and 
radiative mixing ratios. The experimental distributions were then compared with 
those furnished by MANDY, and spin assignments and mixing ratios thereby 
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deduced. Transmission coefficients required for the penetrability term in the expression 
for the differential cross section in MANDY were calculated from the proton, 
neutron and ce-particle optical-model parameters of Perey 17),  Wilmore and Hodg-
son 18)  and Bock et al. 19)  respectively. 
Table 1 displays the final experimental values of the Legendre coefficients arising 
in the current study. Since y-transitions from levels above 640 keY excitation are 
considerably less intense than those below this energy, the least-squares fitting to 
the even order Legendre expansion are quoted to second order only. This is considered 
to be plausible since none of the angular distributions in 62Cu, nor in "'Cu [ref. 8)], 
TABLE 2 
Spin sequences in the nucleus 62Cu deduced from comparison with the predictions of the CN 
statistical model 
Transition 	 E7(keV) 	Spin sequence 	Mixing ratio 
JI -+ Jr 
243.4 - 	0 243.4 2' C) -0.03±0.03 
287.9 40.8 246.7 2' b. c) 0.33±0.04 
426.1 	40.8 385.2 3+  2' C) 0.12±0.02 
548.3 -+ 	0 548.3 If - 	1 	b) 
637.2 --)- 	40.8 596.6 1 + 2' b) 
644.9 	0 644.9 (2) - 	1' C) -0.22 ±0.02 0 3
675.1 -* 243.4 431.6 3 - 2' 0.05 
+0.05 
004 
-~ 40.8 634.4 3+ 2' C) 0.16 +0.04 006 
2 ' -~ 3 0.00±0.05 698.3 - 426.1 272.2 
{ 	 + . 3+ 0.60±0.10 
2' -* 2' 0.06±0.05 
-~ 243.4 454.8 
{ 	 3 --). 2+ -0.35±0.04 
2 -~ 2 0.70±0.07 
-~ 40.8 657.5 
{ 	 3+ 2 -0.04±0.03 
727.5 --)- 	0 727.5 2+ 1 	5) -0.49±0.09 
-->243.4 484.1 2' -~ 2'") -0.05±0.05 
756.3 --> 	0 756.3 (2 -') - 1 61 	0.3 
The mixing ratios follow the sign convention of Rose and Brink 20). 
5)  Unique assignment for .11 resulting from the present work, or from ref. 11). 
b) Although other initial spins J fit the present data, the spin value here was previously establish-
ed 4). 
C)  The isotropic distributions of the 246.7 and 644.9 keY y-rays could possibly result from 
attenuation effects caused by lifetimes > nanoseconds. 
yielded an appreciable A 4 coefficient. The precision on the distribution of the 596.6 
keY y-ray is vitiated to some extent by the presence of a contaminant 596 keY y-ray 
arising from the 74Ge(n, n'y) reaction 14). 
The spin sequences and appropriate multipole mixing ratios that result from a 
comparison of the experimental Legendre coefficients with those predicted by theory 
for different y-rays in "Cu are presented in table 2. 
0 
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Fig. 3. Comparison with theory of the Legendre coefficients for the 634.4 keV and 243.4 keY y-rays. 
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The 243.43 keV and 287.86 keV levels. The experimental datum obtained from the 
243.43 keY y-ray angular distribution is compared with theory in the lower portion 
of fig. 3. Both 2 and 1 assignments are possible here; however, since positive parity 
has already been well established from other studies 24),  the level is given a unique 
value of 2t 
The 246.7 keV distribution was isotropic. The 287.86 keY state which it depopulates 
is known to be 2 from 62Zn radioactive decay 24) The isotropy can be accounted 
for either by having 6(E2/Ml) = 0.33, or it could arise from complete attenuation 
of the distribution caused by a relatively long lifetime. 
The 389.9 keY and 426.1 keY levels. Since the 389.9 keV level was only weakly 
populated, no attempt was made to measure the angular distribution of the 349.1 
keY y-ray. That of the 385.2 keY transition resulted in a strongly anisotropic pattern. 
A unique assignment of 3 resulted ii). 
The 548.25 keY and 637.20 keY levels. The spin-parity values of both these levels 
were known to be 1 + [ref. 4)].  The angular distributions of the 548.3 keY and 596.6 
keY y-rays support these assignments. It was not possible to infer multipole mixing 
ratios from the theory. 
The 644.9 keV level. This level de-excites to the ground state. The angular distribu-
tion was isotropic and possible spins consistent with this observation are 0, 1 and 2. 
Since there is no evidence of any a-feed to a level above the 637.2 keV state, the 
2(+) value appears the most likely. However, since an appreciable lifetime could 
cause complete attenuation of the distribution, this last assignment must be treated 
as tentative. 
The 675.1 keY level. This level decays by three transitions of energy 285.2 keY, 
431.6 keY and 634.4 keV; because of the weakness of the 285.2 keY y-ray, measurements 
were made only on the other two y-rays. The 634.4 keY y-ray produced a strongly 
anisotropic pattern. The experimental datum is compared with theoretical prediction 
in the upper portion of fig. 3 and is seen to be consistent with a 3 + assignment for 
the 675.1 keY level. 
The 698.3 keY level. This level was observed to decay by three y-rays of energy 
272.2 keY, 454.8 keY and 657.5 keY. If there exists any ground state transition, it is 
obscured by the broad 695 keY peak from the 72Ge(n, n'e) reaction. As can be seen 
from table 2, it was not possible to diffeEentiate between a 2 or 3 value for this 
level. 
The 727.5 keY and 756.3 keV levels. The 727.5 keY state was observed to decay 
partially to the ground state. The anisotropic angular distribution of the 727.5 keY 
y-ray was only consistent with dipole multipolarity. Comparison with theory enabled 
a 2 assignment to be advanced. 
The 756.3 keY y-ray, seen only weakly in fig. 1, was observed much more clearly 
when the 30 cm' Ge(Li) counter was used. The distribution appeared to peak at 
90°, which suggests a 2 assignment for the level. 
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The 915.5 keY level. No angular distributions were measured on y-rays depopulat-
ing this level. However from fig. 2, it can be seen that three of the decay y-rays feed 
states having assignments 1, 2 ' and 3, and hence a tentative assignment of 2 
is put forward for the 915.5 keY state. 
5. Discussion 
The decay scheme presented in fig. 2 indicates that the low-lying level structure in 
the nucleus "Cu possesses considerable complexity. The eleven y-transitions ob-
tained from study of 12 Z radioactive decay 2.4)  are now supplemented by an ad-
ditional nineteen transitions from the (p, ny) reaction. - 
The fact that the 243.4 keV y-ray appeared in a y-spectrum taken at E = 5.10 
MeV argues strongly against the proposed placement of this transition by Verheul 13). 
There is also some doubt as to the existence of a 682 keV level postulated by Bakhru, 
mainly on the basis of observed coincidences between 394 keY and 243 keY y-
rays 3).  No evidence for the presence of a level of this energy could be gleaned from 
the present study. It is considered that the existence of a 243.4 keY level in its own 
right removes the need for proposing a level at 682 keY. 
The spin assignments arising from the present work together with those determined 
by other experimenters 2.3.21)  are shown in fig. 2. All the levels up to and including 
the 637.2 keY state are now known uniquely. It was impossible to assign a unique 
spin to the 698.3 keY state. This state possesses some importance inasmuch as it is 
strongly populated in (d, t) and ('He, d) reactions 5.6).  It is possible that a unique 
spin for the 698.3 keV state could be derived from the 64Zn(d, c) 62Cu reaction. For 
example, from the angular distribution of the c&particles, recognition of two con-
tributing L-values for the transferred deuteron would determine the spin uniquely. 
Similar studies in neighbouring nucleides have indicated the potential of the (d, oc) 
reaction as a spectroscopic tool for assigning spin values in doubly odd nuclei 22). 
The 3 ' assignment for the 389.9 keY state derives from the recent work of Sunyar 
et al., who studied the 60Ni(oc, pny) 62Cu reaction 21). Their measurements indicate 
that this isomeric state (T4 = 11.5 ns), which decays by two Ml y-rays of 146 keY 
and 350 keY energy, has a gyromagnetic ratio of 0.63. The present study agrees with 
their conclusion regarding the v-decay of this state. 
The v-ray angular distribution measurements in the present reaction did not 
permit the determination of the parity of the levels. However, the parities of previously 
established levels are known to be positive, either from radioactive source work 2. 4) , 
or from reaction studies 1.6)  The new levels at 644.9,'727.5 and 756.3 keY, reported 
here for the first time, are also considered to have positive parity. 
Positive parities are in accord with shell-model considerations in this mass region 
since the proton and neutron configurations are expected to be composed of 2p1 , 
1f1 and 2p1 orbitalsi It is very unlikely that the g 1 neutron orbital is excited in the 
low-lying states considered here.. 
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The low-lying states in 62 Cu are expected to be made up by coupling a 2p proton 
to neutron configurations derived from angular momenta similar to those appearing 
near the ground state in the adjacent odd-mass nuclei, such as the isotone 61 Ni. The 
theoretical work of Auerbach indicates that for the three lowest levels in 61 Ni there 
exists a sizeable degree of configuration mixing, and hence the wave functions de-
scribing the neutron configurations are very complicated 23). Phillips and Jackson 
have carried out calculations on the level spectrum in "Cu using the effective inter-
action procedure 24).  The method is similar to that used by Auerbach on the nickel 
isotopes 23). However their level spectrum agrees only in part with the experimental 
spectrum shown in fig. 2. They are unable to predict the 40 keY level (2), the doublet 
of 3 '  levels at 389.9 keY and 426.1 keY, and the doublet of 1 levels at 548.2 keY and 
637.2 keY. If configurations of seniority 4 and 6 were included in the calculation, 
the density of levels would be expected to increase and hence it is possible that better 
agreement between the calculated and experimental level spectra could be attained. 
Previously it was thought that the ground state and 40.8 keY state in 62 Cu had 
configurations 7r(2p): v(2p) 4 (If) and 7r(2p): v(lf4) (2p) 1 respectively; these 
would be in accord with the f-f coupling rules of Brennan and Bernstein for doubly 
odd nuclei 25). However the ground state theoretical wave function has been shown 
to be exceedingly complex and with no dominant configuration 24). Thus there 
appears little justification for assuming simple configurations for these states. 
The 426.1 keY state was strongly populated in (p, n) (3 He, d) and (d, t) reac-
tions 5.6).  This points to an interpretation of the level as being dominantly a 
v(lf)(2p) 1  configuration which couples up to a spin of 3. 
In the case of the 389.9 keY state, the isomerism observed by Sunyar et al. 21) 
supports a situation where the neutron effects an 1-forbidden transition from the 
If -+ 2p orbital. The dominant configuration for the state appears to be 7t(2p 
v(lf.), which conclusion is also supported by the value of the experimental g factor. 
Assuming that the possible v-configurations (2p and If,,) are similar to those oc-
•curring in 61 Ni, and that the ir-configuration (2p) is similar to those in nearby odd- 
ass Cu isotopes, interpolation from appropriate experimental g-factors 26)  in-
dicates the computed g-factor corresponding to the If* v-configuration (0.57) is much 
loser to the observed value than the g-factor corresponding to a 2p 4 v-configuration 
(0.48). 
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Photoneutron angular distributions were measured by time-of-flight techniques for the re-
action ' 5N(y, n 0 ) 14  N  over the region of excitation energy from 15 to 25 MeV. Ground state 
cross sections were obtained by stepping the bremsstrahlung end point over the energy re-
gion of interest in 2 MeV intervals. By fitting the spectral data to a series of Legendre poly-
nomials, angular distribution coefficients were extracted and interpreted on the basis of a 
simple single particle model. It appears that a large fraction of the photoabsorption 
strength leading to decays via the ground state channel is due to the formation of J ! 
+ 
T= ~ states in ' 5N which decay by d-wave neutron emission. The data support an approxi-
mation of purely electric dipole absorption in the region measured. Some small amount of 
s-wave neutron emission interfering with the dominant p 112 —+d 312 transition is consistent 
with an observed value for the a 2 /a0 coefficient of - 0.7±0.2. The (y,n o ) cross section in-
tegrated between threshold and 30 MeV is estimated to represent about one-third of the to-
tal strength in the neutron channel. A state identified at 17.3 MeV is consistent in energy 
and composition with a theoretical prediction based on a shell model calculation using a7, 
residual interaction with a Soper mixture of exchange forces. 
NUCLEAR REACTIONS ' 5N(y,n o), E, =15-25 MeV; measured dif- 
ferential cross sections as function of angle; extracted Legendre coeffi- 
cients; estimated s Id matrix-element ratio in dipole approximation. 
I. INTRODUCTION 
The completely filled valence p shells of the neu-
tron and proton wells in 160  make it a spherically 
symmetric nucleus and therefore an ideal test case 
for modern continuum shell-model calculations (see 
Refs. 1-3) which attempt to describe more complex 
nuclei in terms of a particle or hole which is weakly 
coupled to a symmetrical core. The polarizability of 
nuclei which can be described in this way should be 
determined primarily by the nature of the core. 
Therefore, one would expect 160  and its neighbors in 
the Periodic Table to exhibit similarities in their 
photoabsorption cross section. 
Photoparticle reactions in the region of the giant 
dipole resonance (GDR) can be understood in terms 
of collective absorption together with the interaction 
between a single particle and a hole state in the resi-
dual nucleus. But, as is generally the case, the GDR 
is too complex and the states are too broad and over- 
lapping to observe individual single particle transi-
tions. 
The ground states of 170  and ' 5N have isospin 
T= j-.  The photon absorption cross section for 
these nuclei can be split into T > (T= 1) and T <  
(AT=0) components, with part of the T < com-
ponent forming a pygmy resonance at an energy 
below the GDR. It is in this region that narrow res-
onances can be identified in both these nuclei. 
Several theories predict the single particle compo-
sition of states at these energies  4- 7  but relatively lit-
tle experimental data on these nuclei exist  8- 10  which 
fully elucidate the single particle nature of these 
states. The measurement of the angular distribution 
of photoneutrons from the reaction 15N(y,n 0 ) 14N re-
ported here gives insight into the single particle 
composition of the low lying states. In particular, a 
resonance at 17.3±0.1 MeV excitation energy which 
appears in a recent measurement of the total pho-
toneutron cross section I  I provides a basis for testing 
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the various residual interactions used in the calcula-
tions. This is facilitated by the fact that the ground 
state photoneutron channel must be exclusively T , 
because the T > states are isospin forbidden to decay 
to a T = 0 daughter by neutron emission. 
Wender et al. 12  have recently measured the cross 
section and angular distribution of photons for the 
inverse reaction 14N(n,y0 ) 15N and obtained the cor-
responding photoexcitation cross section by detailed 
balance. However, they reported angular distribu-
tions at only seven excitation energies leaving the 
need for a higher resolution measurement over a 
wider energy range. 
A comparison of our measured ground-state cross 
section with the (Y,fl tot) cross section of Ref. 11 
shows the fraction of strength in the photoneutron 
channel which is taken up by ground state transi-
tions alone. The branching ratio information can be 
used to test theories predicting the composition of 
states in the T < pygmy resonance of ' 5N. 
II. EXPERIMENTAL DETAILS 
Figure 1 shows the experimental facility in the 
X-Ray and Nuclear Radiation section of the Nation-
al Research Council of Canada (NRCC) which was 
used to measure multiangle neutron energy spectra 
using time-of-flight techniques. The apparatus is 
the same as that described in detail by Jury et al. 13 
and consequently only the salient features are out-
lined below. 
Bremsstrahlung was produced by electrons from 
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FIG. 1. Schematic diagram of the facility for the mea-
surement of photoneutron angular distributions at the 
Linear Accelerator Laboratory of the National Research 
Council of Canada. Shown are the eight 10-rn flight 
paths and associated shielding.  
mm tantalum radiator. The linac delivered electron 
bursts of 1 A of current and 6 ns duration at 720 
Hz. Time-of-flight spectra were recorded at 8 an-
gles simultaneously over 10 m flight paths. Using a 
CAMAC data acquisition system, each detector pro-
duced a "stop" pulse for its own time digitizer 
[time-to-digital converter (TDC)], which was previ-
ously started by the photon beam striking a detector 
near the sample. Up to 7 cm of bismuth was placed 
in the flight paths to help reduce the intensity of 
gamma flash in the detectors. A computer-
controlled target wheel cycled the photoneutron 
samples into the beam at 60 s intervals. This pro-
cess was carried on for the duration of a measure-
ment which usually consisted of 300 cycles of the 
target wheel and helped to ensure uniform irradia-
tion of the samples. Measurements were taken at 
five different end point energies between 18 and 26 
MeV since only neutrons within the first 2.3 MeV of 
the highest possible energy could be unambiguously 
associated with ground state transitions at a given 
end point energy. 
Data from a total of four photoneutron samples 
were recorded at each end point energy. These were 
D20, H20, ( 15NH3 ) 2SO4, and a background target. 
The sample materials were contained in cylindrical 
containers of an annular design with a thickness of 
0.8 cm and diameter of 5.6 cm. The sample holders 
were constructed from extruded acrylic tubing 
which was machined to a thickness of 0.625 mm. 
The finished containers weighed only 23 g [com-
pared to the 135 g of the ( 15NH3 ) 2SO4] and contri-
buted negligibly to the background in the experi-
ment. The design was facilitated by a computer 
code which compared the self-scattering of neutrons 
by the target for various thicknesses of solid and an-
nular cylinders. 
The 15N sample was in the form of 135 g of am-
monium sulphate which was 98% ( 15NH3 ) 2SO4 giv-
ing 30 g of 15N isotope. The background target was 
made up to contain the same amount of sulphur and 
oxygen present in the ammonium sulphate. Because 
the Q values for the photoneutron reactions in 32S 
and 160  are —15.1 and —15.6 MeV, respectively, 
and the Q value for ' 5N is - 10.8 MeV, any back-
ground photoneutrons from the oxygen and sulphur 
in the sample were kinematically separated from the 
15N photoneutrons by about 4.3 MeV. 
The relative efficiency of the detectors was ob-
tained in the same manner as previously reported 13 
by employing a very thin radiator (- 0.2 mm thick 
titanium radiator), by assuming a thin-target Schiff 
spectrum of photons, and by using the deuteron 
photodisintegration cross section calculated by Fabi-
an and Arenhovel' 4 at low energies Wr < 10 MeV) 
and by Partovi 15 at higher energies. 
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III. DATA ANALYSIS AND ESTIMATION 
OF UNCERTAINTIES 
The major source of error in this experiment was 
the statistical error associated with the raw time-of-
flight data, this being on the order of ±0.5%. The 
small amount of expensive ' 5 N isotope (30 g) which 
was available for this experiment made further 
reduction of this uncertainty too costly and time 
consuming. The raw time-of-flight data were pro-
cessed to the stage of differential photoneutron cross 
sections by means of the following steps. 
A. Dead time correction 
Each time-of-flight spectrum was corrected for 
dead time of the appropriate detector. The problem 
of dead time arose from the fact that the time digi-
tizer associated with each detector could register 
only one stop per start, which represented in this 
case a maximum of 720 events per second. There-
fore, the possibility existed that should the count 
rate approach about 10% or more of this limit, an 
appreciable number of neutrons would go undetect-
ed. Although the ' 5N count rate was usually 60 
times less than this limit, a dead time correction was 
applied to the data in all cases. 
B. Beam independent background 
A small background, independent of accelerator 
beam intensity, was observed to underlie the time-
of-flight spectra. It was associated with cosmic rays 
and natural background radiation from nearby 
shielding material. It made up about 3% of the 
counts in the time channels of interest in this experi-
ment. This background was removed from the data 
by averaging counts in regions of the time-of-flight 
spectra which were kinematically separated from the 
region of neutron events produced by the samples. 
This level was then subtracted from the entire spec-
trum. The error introduced by this procedure is es-
timated to be less than 1%. 
C. Subtraction of beam dependent backgrounds 
The neutron spectra from both the heavy water 
and the ammonium sulphate samples contained 
foreground and background components. The back-
grounds were due to the contaminants present in 
each sample: oxygen in the case of D 20 and sulphur 
and oxygen in the case of ( 15NH3 ) 2SO4 , in addition 
to various elements in the low mass sample con-
tainers (mainly carbon). 
The backgrounds associated with each sample 
were measured separately and then subtracted from 
the foreground and background spectra. The rela-
tive irradiation times between foreground and back-
ground were chosen to minimize the statistical error 
associated with the subtraction. 
In the excitation energy region of interest (15-26 
MeV) the foreground (topmost 2.3 MeV neutrons) 
was kinematically separated from the background 
because of the relatively low Q value of ' 5N (— 10.8 
MeV) and the background was very small, typically 
less than 10% of the foreground. Therefore, the er-
ror associated with this subtraction (statistical and 
systematic) is estimated to be less than 1%. 
D. Conversion to energy spectra 
The time-of-flight data were converted to energy 
spectra using relativistically exact relationships be-
tween excitation energy and neutron energy, neutron 
energy and flight-time, laboratory and center-of-
mass scattering angle, and solid angle and center-
of-mass velocity. The data were then corrected by 
the detector efficiency to give neutron spectra in 
terms of excitation energy in the center of mass. 
The resolution widths used in the conversion to en-
ergy spectra were chosen to approximate the 
energy-dependent experimental resolution inherent 
in time-of-flight measurements. 
The accuracy of the conversion to energy spectra 
depended upon the accuracy of the time calibration 
of the system. For this reason, the calibration was 
carried out using two methods. First, correlations 
between flight time (for a 10 in flight path) and 
neutron energy were made using as a reference 
several easily identified neutron absorption reso-
nances in the ' 2C neutron scattering cross section 
and several narrow peaks in the 160 photoneutron 
cross section. This technique produced a calibration 
up to neutron energies of 8 MeV which was accurate 
to about 1%. Next, photon spectra were derived 
from the deuterium data at each angle at several of 
the bremsstrahlung end point energies used. By a 
close inspection of the energy of the end point of 
each bremsstrahlung spectrum, additional refine-
ments were made to the calibration. Thus the cali-
bration of the system was determined to less than 
1% up to neutron energies of 12 MeV. 
E. Extraction of the cross section 
The cross section for the reaction ' 5N(y,n 0 )' 4N 
was calculated relative to the theoretical photodisin-
tegration cross section for 2H (Refs. 14 and 15) us-
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Events2 N(Ey, 0) 0 2H(Ev ) 
(Er, 
= Events2H(EY,O) 15(E y ) dfl 15 N 
712 H( E,,0) N2 H 
71 5(EO) N15N 	
(1) 
Ida 1 x  1 - J (E7,0) dfl , 2H 
where the ratio of the solid angle factors has been 
omitted (-= 1) and 0 is the photon flux, q is the 
detector efficiency, N is the number of target nuclei, 




Events= fE2  n(E,0)dE7 ifIE7 , 	(2) AE  
where n (E,0) is the product of the photon flux and 
the cross section, if is the mean value of this product 
over the energy region specified, and EE is the 
resolution width of the photon energy bin used. 
16.1MeV 16.3Mev 
16.4 MeV 17.0MeV 
17.2MeV 17.4 Me  
18.8 MeV jg .0MeV 
0 	 VU 	 1500 	 VU 	 150 
6c.m. (deg) 
FIG. 2. Shown are sample experimental raw data and 
second-order fits to a series of Legendre polynomials. Er-
ror bars represent statistical uncertainties only. 
The photon flux in each sample canceled because 
the targets were cycled to ensure uniform irradiation 
(to within about 0.5%). The fact that each sample 
received equal amounts of radiation was verified by 
a continuous monitoring of the charge deposited on 
the electron dump block. 13  The uncertainty associ-
ated with the above method of calculation is es-
timated to be of the order of the statistical accuracy 
associated with each point. However, any future 
modifications in the theoretical cross section for 2H 
will affect this cross section scale directly. 
F. Extraction of the anisotropy coefficients 
The angular distribution of photoneutrons at each 




W(0)=a,P,(cos0) , 	 (3) 
1=0 
where W( 0) is the yield at angle 0 in the c.m. frame. 
The fitting technique followed that described by Be-
vington.' 6 Figure 2 shows eight sample fits. The er-
rors shown are statistical errors only. In each case 
the reduced X 2  associated with the fit was observed 
I 	I 	I 
+ 
0 










I 	I 	I 
4 	16 18 	20 	22 	24 
Excitation Energy (MeV) 
FIG. 3. The cross section for the reaction 
N(y,n o )' 4N is shown along with the normalized aniso-
tropy coefficients, a Ia0 and a 2/a 0 as functions of excita-
tion energy. The scale of the cross section was deter-
mined relative to that of the deuteron. 
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to be 	1 for fits to third order [up to F3 (cosO)J. 
The magnitude of the statistical uncertainty associ-
ated with the data precluded a fit to higher order. 
The a 0 coefficient measures the degree of isotropy 
of the distribution and gives an average value for the 
differential cross section over the angular range of 
the data. The higher order coefficients reflect the 
anisotropic and asymmetric character of the distri-
bution. 
IV. RESULTS 
The normalized a 3 /a 0 coefficient was observed to 
be zero in all cases (within the accuracy of this mea-
surement). Therefore a fit to second order was made 
and used to calculate a 0 , a 1 , and a 2 . The a 0 coeffi-
cient and the normalized a 1 coefficients are shown 
in Fig. 3. The quantity 4ira 0 represents the total 
ground state cross section integrated over solid an-
gle. 
The figure is composed of five independent mea-
surements of the cross section at different brems-
strahiung end point energies. The data lying in the 
uppermost energy region within 500 keY of each 
end point contained too few events to justify a 
Legendre fit and were discarded. The ground state 
cross section is composed of 2.3 MeV segments tak-
en from below the effective end point of each mea-
surement. 
The a 0 coefficient shows considerable structure. 
In particular, a reasonably sharp peak between 17 
and 18 MeV is suggestive of a resonance of single 
particle character. Although the ground state cross 
section shows considerable strength in the region 
below 19 MeV, there is little evidence of the giant 
dipole resonance reported" to be centered at 23 
MeV. Above 18 MeV, the cross section (41Ta 0 ) 
remains close to a value of 2 mb, while the (Y,tot) 
strength in this region climbs to 12 mb. 
The normalized a l la o coefficient, which 
represents the amount of El-MI and El-E2 in-
terference in the photoabsorption matrix element for 
the reaction, is seen to be zero over most of the re-
gion of this measurement. However, a deviation 
from zero to a minimum value of —0.3±0.2 at 
21.75 MeV is noted. 
The normalized a 2 /a 0 coefficient spans a wide 
range of values between 0.0 and - 1.0. There are re-
gions where both the a I la0 and a 2 la  coefficients 
are close to zero and a high degree of isotropy is 
present in the angular distribution. 
Minima in the a 2 /a 0 coefficients correspond to a 
peaking of the cross section at 90°. These minima 
are present at excitation energies of 14, 16-18.4, 
and 23.5 MeV. The error bars shown in Fig. 3 are 
fitting errors. 






FIG. 4. A schematic representation of the reaction 
' 5N(y,n o)' 4N. Photoneutrons emitted in transitions to the 
ground state lie in the energy region within 2.3 MeV of 
the maximum possible neutron energy. Although the to-
tal photoneutron reaction, ' 5N(y, n tot) ' 4N, can proceed via 
both T < and T > intermediates in ' 5N, the ground state 
reaction is restricted to transitions involving only T <  
states. 
V. DISCUSSION 
The ' 5N(y,n 0 )' 4N reaction is illustrated schemati-
cally in Fig. 4. Dipole absorption of a photon by the 
ground state of ' 5N (J= -- )leads to the formation 
of an excited state (J =- , or J'= ') which 
decays by neutron emission to the ground state of 
'4N. The ground state of 15N has T= -- and the 
ground state of ' 4N has T=0. Since the neutron 
can carry off only j-  unit of isospin, the photoáb 
sorption resulting in transitions to the ground state 
TABLE I. Expressions for the a0 aid a2 coefficients 
extracted from a fit of series of Legendre polynomials to 
the angular distribution of neutrons are Wen in terms of 
electric dipole matrix elements. The matrix elements are 
expressed in the form E 1(l,J,$), where I is the orbital an-
gular momentum of the emitted particle, J is the angular 
momentum of the intermediate excited state, and s is the 
channel spin. 
31 ao=2E1(O,+,+)2 +2El(2,+,+)2 +4E1(2,T,T)2 
+4E1(O,+,+)2+4E1(2! 2 '2 ' 2 
a2= _2.83E1(2,+,+)E1(2,+,--)cos, 
—4.00E1(0, +,+ )E1(2, +,+)cosö2 
+2.83E1(2, +,+ )E1(0, +,+)c0583 
_2.O0E1(2,+,f)2 
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TABLE II. Breakdown of the ground state cross section into single particle transitions 
based on a simple case study of the ratio a 2 /a o expressed in terms of transition matrix ele-
ments. s-wave neutrons are produced by the transitions pI,2'sln; d-wave byp 11 d3 tran-
sitions. 
Energy 	Single-particle strength 	Energy 	Single-particle strength 
(MeV) (MeV) 
13-14 	 s 	 19 	 d (s=0.4d) 
14-14.7 d 20-22 d 
14.7-15.7 	 s 	 23 	 s 
16-19 d (s=0.4c1) 	 23+ d 
of ' 4N can proceed only through T 112 (T < ) states in 
the excited 15N system, whereas the total photoneut-
ron reaction can proceed via both T= j-  and T= - 
states. 
However, although transitions to the ground state 
are exclusively T < , they do not necessarily exhaust 
all the T < strength in the GDR. Transitions to 
T=O excited states in ' 4N may also take place; these 
are not measured in this ground state experiment. 
That the above reaction model (an electric dipole ap-
proximation) is valid is substantiated by the observa-
tion that the a , Ia0 coefficient is near zero, indicat-
ing that the absorption process is mainly dipole in 
nature. 
Table I gives the expansion of the a 0 and a 2 coef-
ficients in terms of electric dipole transition matrix 
elements 17  in the channel spin representation. Even 
in the dipole approximation, the analysis is complex 
and in the absence of information on the relative 
phase shifts involved, or measurements of pho-
toneutron polarizations, a rigorous treatment is im-
possible. However, further analysis is greatly facili-
tated by examining the following special cases: 
No s-wave neutrons are emitted; all transitions 
are P1/2 - 1d3,12 single particle excitations. In this 
case one expects a value of a 2/a0 =-0.5. 
No d-wave neutrons; all transitions are 
p 1.fl - 1/2 single particle excitations. For this case, 
a 2 /a 0 =0. 
(iii) Intermediate case; some small amount of s 
wave is mixed with mostly d-wave transitions. With 
a ratio of amplitudes sld=0.3 (i.e., tr 10% of d) 
values of a 2/a 0 — — 0.7 (observed in the data) can be 
obtained under the simple assumption of channel 
spinj-  dominance and cos8 2  = +1 (see Table D. 
Table II shows a breakdown of the ground state 
cross section into single particle transitions based on 
the above analysis of the a 2 /a 0 coefficient. The 
state at 17.3 MeV excitation seems to be primarily 
the result of a p 1/2 1 d3/2 transition with some ad-
mixture of P1/2 - 1s /2  strength acting to lower its 
a 2/a 0 value from —0.5 to —0.7. 
A comparison of our data with a recent shell 
model study of the GDR in 15N by Albert et al. 18  is 
shown in Fig. 5. The calculation assumes a residual 
interaction in the form of a 8-function potential 
which employs a Soper mixture of exchange forces. 
The theoretical result represents the cross section for 
all reaction channels with iT=0. The ordinate 
scale of the calculated curve has been divided by a 
factor of 4 to facilitate a comparison with the (y,n 0 ) 
results. Below 17 MeV, the experimental (y,n 0 ) 
cross section represents about half the predicted to-
'tal photoabsorption strength, which one would ex-
pect since ground state transitions dominate the 
neutron channel in this region of excitation energy 
and, because the (y,n 0 ) and (y,po) Q values are near- 
Experiment 
- Soper mixture 




13 14 15 16 	I? IS 19 20 21 22 23 24 
Excitation Energy (MeV) 
FIG. 5. A comparison of the measured cross section is 
made with the total photoabsorption cross section (T , 
component) calculated by Albert et al. (Ref. 7) using a 8-
function potential with a Soper mixture of exchange 
forces. The scale of the calculated cross section has been 
reduced by a factor of 4 to facilitate comparison with the 
measurement. Ground state transitions appear to account 
for all of the T < strength in the neutron channel below 
about 17 MeV and about half of the calculated T <  
strength above 19.5 MeV. The state of about 17.3 MeV 
corresponds closely in energy and single-particle composi-
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ly the same (-10.8 vs —10.2 MeV), decays via the 
neutron and proton channels should occur with 
about equal probability. 
A minimum centered at 16.2 MeV in the theoreti-
cal curve is also seen in the experimental curve over 
this energy region. Above 19.5 MeV there is re-
markable agreement between the shapes of the ex-
perimental and theoretical results. Between 17 and 
19.5 MeV, the strong peaking predicted by the cal-
culation is not seen to be reflected in the data. The 
ground state cross section is roughly -- the level of 
the theoretical result. From this we can conclude 
that the T < strength in the neutron channel is ap-
proximately four times that exhausted by the ground 
state channel alone. Similarly, by assuming that the 
branching ratio 
it is seen that the ground state channel makes up 
most of the T <  strength below 17 MeV and about 
one-half of the T < strength above 19.5 MeV in the 
neutron channel. 
Also shown in Fig. 5 is a single state (dashed line) 
predicted by Fraser et al. 5 also using a 8-function 
interaction with a Soper exchange mixture and an 8 
MeV well. The excited state of the 15N nucleus was 
interpreted as a one-particle-two-hole state in 160. 
The position of this state (17.5 MeV) is in good 
agreement with the position of a well defined state 
observed in both the ground state and total pho-
toneutron cross sections (see Fig. 6). In addition, the 
predicted single particle composition of the state 
(s/d=0.44) is consistent with the value of 
5N(yo)14N 
---. (0" w) 
10 
	 - (Loornoe1 
n 
C 
a 2 Ia0 = —0.7 obtained experimentally over this en-
ergy region. 
A comparison between the ground state and total 
photoneutron cross sections (Fig. 6) shows that the 
two measurements are in good agreement up to 15 
MeV. The agreement between ground state and 
nonground state measurements below 15 MeV has 
been predicted by Patrick et a!)9 and can be de-
duced from the linearity of the measurement of 
average neutron energy as a function of excitation 
energy below 15 MeY made by Jury et al) 1 Above 
15.5 MeV, it is seen that only about one-third of the 
(Y,fltot) cross section results in transitions to the 
ground state. This is consistent with the calcula-
tions of Brown et al. 20 which show that for the case 
of 160,  one-particle-one-hole transitions resulting in 
an excited state configuration for the residual nu-
cleus make up 66.5% of the total dipole strength in 
the giant resonance, the majority of this being tran-
sitions of the type p312 'd512 . 
Figure 7 shows the mirror reaction ' 50(y,p 0 ) 14N 
obtained by detailed balance from a measurement by 
Harakeh et al., 10 our result for the differential cross 
section at 900  obtained using the coefficients extract- 
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FIG. 6. The present results are compared with the to-
tal photoneutron measurement of Jury et al. (Ref. 11). 
The state at 17.3 MeV is seen in both measurements, as is 
a similar peak at 18.4 MeV. The two measurements agree 
to within the quoted experimental error (not shown) for 
excitation energies below about 15 MeV. The ground 
state cross section shows little evidence of the GDR. 
Excitation Energy (MeV) 
FIG. 7. The differential cross section at 900 was ob-
tained from the measured angular distribution coefficients 
and is shown along with results for the mirror reaction 
150(y,p o) 14N (Ref. 10) and with the identical photoneu-
tron reaction by applying detailed balance to the results of 
Ref. 12 on the 14N(n,yo ) 15N reaction. The cross sections 
display similar features. However, the vertical scale on 
the present measurement is larger than the other two (also 
note the suppressed zero). 
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FIG. 8. A comparison of the angular distribution coef-
ficients from the present work with those from Ref. 12 
(open circles). Error bars represent fitting errors. 
ed from a fit to eight angles, and the result of 
Wender et al)2 obtained by detailed balance from a 
measurement of the inverse reaction. Our measure-
ment indicates the presence of at least three well de-
fined states below 19 MeV at 15.8, 17.3, and 18.4 
MeV excitation energy. The shapes of the three 
curves are very similar, however our cross section is 
somewhat higher than that obtained by Wender. 
The general trend of the angular distribution coeffi-
cients is reproduced by both measurements (see Fig. 
8). The plot of the a I Ia0 coefficients shows, on an 
expanded scale, a generally small near-zero value 
(within error bars) except near 22 MeV where there 
appears to be a systematic deviation from zero and 
hence the possibility of interfering E 2 or M 1 ampli-
tudes. 
VI. CONCLUSION 
The cross section for the reaction 15N(y,n 0 ) 14N 
has been measured relative to the theoretical cross 
section for the deuteron calculated by Partovi, Fabi-
an, and Arenhovel [and confirmed experimentally 
by Ahrens et al.2 1].  The single particle nature of the 
reaction (in particular that of a state at 17.3 MeV) 
has been deduced on the basis of measured angular 
distribution coefficients and found to be in agree-
ment with that predicted by Fraser et al. 5 The 
analysis of the Legendre coefficients was based on 
the assumption that interfering E 2 and M 1 ampli-
tudes were small, an assumption confirmed by our 
values of a I /a 0 which were found to be zero within 
the precision of the measurement over most of the 
region of excitation energy studied. The ground 
state cross section can be interpreted on the basis of 
P1/2_ 1d3/2 single-particle transitions with a small 
admixture of P1/2 - 1s 1/2  strength. Isospin fragmen-
tation of the GDR was observed by comparing the 
(Y,tot) measured by Jury et al. 11 with the present 
measurement which was exclusively T < . 
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Photoneutron energy spectra from the 160(y,)I5O  reaction were measured as functions of labora-
tory angle over a range of excitation energies from 30 to 35 MeV. Angular distribution Legendre-
polynomial coefficients were extracted up to third order as functions of excitation energy. Nonzero 
values of the coefficients a 1 (+0.25±0.02) and a 3 (-0.2±0.02) were observed over the energy re-
gion explored, indicating interference between states of opposite parity. These values can be ac-
counted for in a simple model incorporating electric quadrupole absorption strength decaying via the 
ground-state photoneutron channel. When combined with the previously-determined amplitude ra-
tio for the E 1 p—s and p —+d single-particle transitions, the present results suggest that about 4% 
of the isovector energy-weighted sum rule is found in the (y,n 0) channel in the energy range studied. 
The value of the (y,n o) cross section was found to vary from 1.5±0.1 mb at E=30 MeV to 
0.8±0. 1 mb at 35 MeV. The average magnitude of the E2 contribution to this cross section was es-
timated to be 0.05±0.02 ml,. This is in reasonable agreement with a recent continuum random-
phase approximation shell model calculation, but is in disagreement with a previous measurement. 
I. INTRODUCTION 
• Among the light nuclei, 160  has been the object of in-
tensive investigation. From the theoretical point of view 
it is doubly magic and is readily amenable to different 
forms of shell model calculations (see, for example, Refs. 
1-3). Experimental investigation has established the 
properties of the giant dipole resonance (GDR) in 160 
through photonuclear and radiative-capture angular dis-
tribution measurements (see, for example, Refs. 4-6). 
Within the last few years a number of experiments were 
performed in search of giant resonances other than the 
GDR in 160 
Phillips and Johnson  have measured the angular distri-
butions of photoneutrons from the ground-state reaction 
160(y,) 150. In the energy region of 25-45 MeV, 
nonzero a 1 , a 3 , and a4 values (normalized coefficients of 
a Legendre polynomial fit to the angular distribution) 
were observed, indicating the presence of electric quadru-
pole strength in the neutron channel. The E 2 cross sec-
tion was extracted as a function of photon energy by mak-
ing assumptions about the phase differences and transi-
tion amplitude ratios extrapOlated from previous polariza-
tion data from (,yo) experiments (e.g., Hanna et al. 6 ). 
The E2 cross section deduced by Phillips and Johnson 7 
for the neutron channel was of the same order of jnagni-
tude as that for the proton channel. For example, at 35 
MeV, the neutron E2 cross section was reported to be 
about 0.21 ± 0.01 mb. Measurements  of the proton chan-
nel indicate an E2 cross section of about 0.22±0.01 mb at 
this energy. These findings have led to three different in-
terpretations which are of major consequence to the 
understanding of the physics of this nuclear reaction: 
The large photoneutron E2 cross section (reported 
in Ref. 7) might have arisen from an erroneously large a4 
value (approximately +0.25 from 30 to 45 MeV) resulting 
from a possible overfitting of the Legendre series to the 
experimental data (this was suggested in Ref. 10). 
It is possible that no, or very little direct absorption 
is present in the neutron channel in the energy region con-
sidered here; all the E 2 cross section observed might be of 
resonant nature. If this is the case, the results of Ref. 7 
constitute dramatic evidence for a giant electric quadru-
pole resonance (GQR). 
There is also the possibility that both direct and 
resonant absorption strengths are present (perhaps in a 
50-50 mixture) as predicted by some directsemidirect 
(DSD) models (for example, Ref. 11), and the simple con-
cept of recoil quadrupole effective charge 12,13 is inaccu-
rate. The effective quadrupole charge of a neutron (in 
30 	1789 	 © 1984 The American Physical Society 
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160) should be 30 times weaker than that of a proton 
(q n = 0. 03e, q  =0.9 le). Therefore, direct absorption 
strength in the neutron channel should be much weaker 
(900 times) than that in the proton channel. The DSD 
model predicts 50% of the E 2 cross section should be at-
tributed to the direct strength. This strength is expected 
to concentrate in the proton channel. As for the resonant 
portion, the strength should be divided equally between 
the neutron and proton channels. This means only 25% 
of the total E 2 cross section should be found in the neu-
tron channel. Assuming the DSD model is applicable to 
the 160  nucleus, one would expect the neutron E 2 cross 
section to be about one-third of the proton E 2 cross sec-
tion. However, this is contrary to the measurement re-
ported in Ref. 7. 
In order to differentiate among these interpretations 
and to test the validity of the experimental results, a simi-
lar experiment to that of Ref. 7 was carried out and is re-
ported in this paper. Although the same experimental ap-
proach was employed, many details in the experimental 
design and procedures, data reduction and analysis, and 
interpretation of the angular distribution coefficients were 
significantly different. 
II. EXPERIMENTAL DETAILS 
AND DATA ANALYSIS 
The angular distribution measurements for the 
160(y,n0 ) 150 reaction were performed at the electron 
linear accelerator laboratory of the National Research 
Council of Canada, using the bremsstrahlung-induced 
photoneutron time-of-flight technique. Since this facility 
has been described in some detail already by Jury et al.'4 
and Watson et al., ' 5 only some of the noteworthy features 
will be highlighted here. 
The photoneutron time-of-flight spectra were recorded 
at eight angles simultaneously over 10 in flight paths. 
Each of the eight detectors produced a "stop" signal for 
its own time-to-digital coverter, which was previously 
started by a signal generated by the photon beam striking 
a detector placed near the sample. A computer-controlled 
sample changer cycled the samples into the photon beam 
for time periods which were very short compared to the 
duration of a run. This helped to ensure that the pho-
toneutron samples received the same amount of photon 
flux. The highest 5.2 MeV region of the bremsstrahlung 
tip corresponds unambiguously to ground-state transitions 
(the first excited state in 'O is at 5.2 MeV). 
Photoneutron data from a total of three samples were 
recorded. These were D 20 (to monitor photon distribu-
tion), H20 (the 160  sample), and a "blank" (an empty con-
tainer to measure the backgrounds contributed by the 
sample containers). In order to reduce the neutron self-
scattering within the samples, a hollow right-cylindrical 
design for the sample containers was employed. 15  Con-
tainers of different radii were used for different runs to 
ensure the angular distributions observed were not due to 
self-scattering effects in the sample. 
The time calibration and determination of the relative 
efficiencies of the detection systems were obtained in the 
same manner as previously reported. 14, The relative ef- 
ficiencies were obtained using a thin (250 jim) titanium 
radiator, assuming the distribution of the bremsstrahlung 
produced is that of Schiff, 16  and by using the calculated 
deuteron photodisintegration cross section. 17,18 
The reduction of data from the series of photoneutron 
time-of-flight spectra to yield a total ground-state cross 
section along with anisotropy coefficients was performed 
by means of the following steps. 
Initial corrections for dead time and natural and con-
tainer backgrounds were performed on the time-of-flight 
spectra before they were converted into neutron energy 
spectra in the center-of-mass system. The neutron energy 
spectra were corrected for detector efficiency and convert-
ed to the excitation energy scale. 
Third order Legendre polynomials were fitted to the en-
ergy spectra and the coefficients a i (i = 1 to 3) in the fol-
lowing expression: 
yield(E)=A 1 P1 (cosO) , 	 (1) 
and ai = A i /A 0 were extracted as functions of excitation 
energy using a weighted least-squares technique.' 9 The 
total cross section was obtained by dividing 41rA 0 by the 
bremsstrahlung distribution scaled to the relative number 
of nuclei of 160  and 2H exposed to the photon beam. The 
scale of the cross section was determined relative to the 
deuterium cross section, as calculated by Arenhövel et 
al.' 7 for E less than 10 MeY and by Partovi 18 for E 
greater than 10 MeV. 
III. RESULTS' 
The total ground-state cross section is shown in Fig. 1 
together with the normalized angular distribution coeffi-
cients. The present results were obtained from two in-
dependent measurements using an end-point energy of 36 
MeY, taken 16 months apart. Results are shown for 
Legendre fits up to third order. An attempt was made to 
fit the experimental data to a fourth order Legendre poly-
nomial, but for several energies the cross 'section extrapo-
lated to 00  became negative. Also, no improvement in the 
reduced-X 2  values was observed when the order of the fit 
was extended to include a 4 . It was concluded that, al-
though the data had very little statistical error (typically 
about 60000 counts were collected for each data point), 
there could have been small unobserved systematic errors 
contributing to the (sensitive) a 4 coefficient. The a i (i = 1 
to 4) coefficients measured in Ref. 7, on the other hand, 
do not produce negative cross sections at any energies. 
In general, the angular distribution coefficients a vary 
smoothly with energy. The value of rises from close to 
zero at 30 MeV to about +0.50±0.02 at 35 MeV; the a 2 ' 
values averaged to be about —0.65±0.02 in this energy 
region; and over the same energy region, the value of 
remains approximately constant at —0.20±0.02. The 
nonzero values of and a 3  between 30 and 35 MeV are 
indicative of multipole absorption other than El. Be-
cause M 1 -E 1 interference cannot generate a finite a 3  ra-
tio, the observed nonzero value of is an indication of 
the presence of E 2 (or higher) multipole absorption. 
C, 	 I 	I 	 I 
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FIG. 1. The angle-integrated cross section of the 
160(y,no )' 50 reaction is shown along with the normalized angu-
lar distribution coefficients a, (i = 1,2,3) as functions of excita-
tion energy (solid circles). The scale of the cross section was 
determined relative to that of the deuteron. Also shown are the 
angular distribution coefficients obtained in the photoneutron 
measurement of Ref. 7 (open squares) and those from the pho-
toproton work of Ref. 8 (open diamonds), Ref. 9 (open trian-
gles), and Ref. 20 (solid diamonds). 
IV. DISCUSSION 
Excellent agreement is found in the total ground-state 
photoneutron cross section between the present results and 
those of Ref. 7. They are shown in Fig. 2 together with 
the ground-state photoproton data of O'Connell and Han-
na,8 Paul et al., 9 and the recent work of Anghinolfi et al.2° 
The photoproton measurements of Refs. 9 and 20 are seen 
to be within equally good agreement with one another. 
On the average, the photoproton cross section appears to 
be about one-third lower in magnitude than the pho- 
FIG. 2. The present ground-state cross section (solid circles) 
is compared with the ground-state photoneutron work of Phil-
lips and Johnson (open squares; Ref. 7), and ground-state pho-
toproton cross section deduced from the work of O'Connell and 
Hanna (open diamond; Ref. 8), Paul et al. (open triangles; Ref. 
9), and Anghinolfi et al. (solid diamonds; Ref. 20).  
toneutron cross section, but it exhibits a similar variation 
with energy. 
Figure 1 presents a comparison of the present measure-
ments for the Legendre coefficients a, (i = 1,2,3) with the 
coefficients obtained in Refs. 7-9 and 20. For the a 1 
values, the present data lie between the low values 
(a,-0.1) of the photoneutron work  and the higher 
values (0.4 to 0.6) of the photoproton measurements. 8,9,20 
The a 2 values for all sets of results are in reasonable 
agreement. The present a 3  values agree reasonably well 
with the previous photoneutron results  but disagree with 
the photoproton results 8,9,20  at several energies. This 
comparison is not totally valid because the present work 
and the results of Refs. 8 and 9 have employed third order. 
Legendre fits (assuming a4=0),  whereas the results of 
Refs. 7 and 20 have come about using a fourth order fit. 
In analyzing the angular distributions of the present ex-
perimental results, several assumptions similar to those of 
Ref. 7 were used. Since no neutron polarization data are 
available between 30 and 35 MeV, assumptions based on 
existing neutron polarization and proton polarization 
measurements at lower energies 21,22  were made for the 
transition amplitude ratio of s- to d-wave neutrons (s Id 
ratio) and (at several energies) the relative phase difference 
between the s- and d-wave neutrons. 
The s Id ratio as obtained in Ref. 22 (solution I) was ex-
trapolated from 27 MeV and assumed to be constant at 
0. 75±0.05 in the energy region of 30-35 MeV. The neu-
tron polarization measurement of Hanser 2t found that the 
phase difference, at lower energies, between the s- and d-
wave neutrons is (-118±5)*. The proton polarization 
work of Ref. 22 yielded a phase difference of (— 120 ± 5)0 
in the same energy region. We have therefore assumed 
that the phase difference is (— 120±5)° and that it is ap-
proximately constant in the energy region of 30 to 32 
MeV. Above 32 MeV, it was possible to extract from the 
measured a 1 , a 2 , and a 3  coefficients values for this rela-
tive phase difference as described in the following. The 
fact that values of about - 1200 were obtained (for exam-
ple at 33 MeV) suggests the validity of this extrapolation. 
The Legendre coefficients can be expressed in terms, of 
single-particle matrix elements and relative phase differ-
ences. This formulation is readily available in the litera-
ture23 and is often reduced to expressions involving only 
El and E 2 amplitudes for this range of excitation ener-
gies - (30-35 MeV) and momentum transfer (qc0). For 
the ground state photoneutron reaction in 160,  the E 1 
matrix elements can be represented by s and d and the E 2 
matrix elements by p and f. Relative phases can be 
represented by ösd, etc. 
Table I presents a model-dependent description of the 
A, (1=0 to 3) coefficients under the assumption that f, 
one of the E 2 matrix elements, is small with respect to 
the other E2 matrix element. Because the a4 coefficient 
depends only on terms of first or higher order in f, this 
assumption implies a value of a4 t0. This is reasonable 
in consideration of the low nuclear penetrability off-wave 
neutrons relative to p-wave neutrons. The f-wave "centri-
fugal barrier" in this nucleus is about 19 MeV. The max-
imum neutron energy ir this experiment was about 18 
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TABLE I. Simplified expression for the angular distribution 
coefficients for 160  after setting the f-wave amplitude to zero. 
The matrix elements are represented by the symbols s, p, and d 
for simplicity, and for example, the relative phase shift between 
emitted d-wave neutrons (following E 1 transition) and p-wave 
neutrons (E2 transitions) is represented by &ip. 
A0 = 352 + 3d'+ 5p 2 
= — 1. 34dp cos6ap 
+9.49sp cos8 
A 2 = — 1.5d 2 +2.5p2 
+4.24sd cos5d 
A 3 = +8.OSdp cos5d, 
absorption to proceed primarily via the emission of p-
wave neutrons. This implies that neutron penetrabilities 
act to reduce the E2 matrix element for the single-particle 
p--+f transitions, even though in the absence of the cen-
trifugal barrier these transitions might play a significant 
role in the reaction. This model is supported by the re-
sults of the recent 15N(p,y 0 ) 160 measurement of Anghi-
nolfi etaL 2° They found the a4 values for the (p,yo) chan-
nel to be zero in this energy region. 
Given these assumptions and expressing the total 
ground-state cross section as 
u(g.s. )tot =as+ad+up , 	 (2) 
and the ratio of E 2 to E 1 absorption as 
cr(E2)(ld)2 	 (3) 
a(E1) 
we can derive 24  an expression for the E2 (p-wave) cross 
section in terms of the (p/d) ratio. The E2 (p-wave) 
cross section is approximated by 
a0(pld)2 
(4) 
a(E2)= 0.94+(p/d)2  
where a0 is the total ground-state cross section and the 
transition amplitude ratio (p Id) and relative phases 
and ö,,d  can be obtained from the experimental a 1 , a 2 , 
and a 3 coefficients (refer to Table I). Table II shows the 
extracted values of p Id, the relative phases 5,d and 8j, 
and the E2 cross section for the energy region 30 to 35 
MeV. For energies up to 32 MeV, the 8,d relative phase 
was assumed to be - 1200, which is an interpolation from 
the measured values of Refs. 21 and 22 at 27 MeV 
(_ 1200) and the averaged value of 8 .,d (— 121 ° ) found in 
this experiment at energies of 32.5 to 33.5 MeV. 
To explore the validity of the assumption (f =0) used 
to obtain these E2 values, a calculation was carried out 
under a second simplifying assumption. We assumed that 
the E 2f amplitudes were comparable to the p amplitudes 
and repeated the extraction of p Id ratios, relative phases, 
and E 2 cross section based on measured a 1 , a2 , and 
values. The E 2 cross section values extracted using this 
model were seen, at all energies, to be somewhat lower 
than the results for the model with f = 0. This suggests 
that if small E2 f-wave transitions were present, no 
enhancement of the E 2 cross section would result from 
our analysis of the measured a 1 , a 2 , and a 3 coefficients. 
A recent theoretical calculation was performed using a 
continuum random phase approximation theory with a 
Skyrme III force by Cavinato et a 1.10  These authors have 
calculated the E 2 ground-state cross section for the 160 
photoneutron reaction. The present E2 results are shown 
in Fig 3 together with this calculation and the measure-
ments reported in Ref. 7, which are significantly larger 
than the present values at all energies. The calculation 
appears to be in much better agreement with the present 
results. It also reproduces approximately the same magni-
tude and trend in the E2 cross section as are observed in 
the present experiment; that is, an increase in the cross 
section near 33.5 MeV. 
Assuming that the effective charge concept of Bethe 12 
(subsequently elaborated by others, see Ref. 13) is correct, 
then the amount of direct E 2 strength in the neutron 
channel should be negligible. 25  Therefore, within this 
TABLE II. Values of the electric quadrupole' cross section, p  /d amplitude ratios, and the relative 
phase differences 8 and 8,,.j extracted from the measured anisotropy coefficients. The phase differ-
ences have an estimated uncertainty of ±5°. Integrated cross section: 0.24±0.09 mbMeV; energy-
weighted integrated cross section: 0.216±0.09 tb MeV'; percentage of the EWSR 1 isovector sum rule 
(5.596jjbMeV 1 ): 3.9±1.6%. 
Excitation 	 p Id 
energy amplitude 	 a(E2) 
(MeV) 	 ratio (deg) 	 (deg) 	 (mb) 
30.0 0.0 —120 ' 0.0±0.02 
30.5 0.0 —120 0.0±0.02 
31.0 0.231 —120 124 0.071±0.02 
31.5 0.194 —120 131 0.048±0.02 
32.0 0.162 —120 148 0.030±0.03 
32.5 0.156 —120 114 0.026±0.01 
33.0 0.154 —122 118 0.023±0.01 
33.5 0.160 	. —122 111 0.025±0.01 
34.0 0.210 —109 117 0.041±0.01 
34.5 0.326 —92 111 0.088±0.02 
35.0 0.380 —84 117 0.127±0.02 
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FIG. 3. The present results for the photoneutron E2 cross 
section (solid circles) have been extracted from the measured a 1 , 
a 2 , and a 3 values in a model where electric quadrupole f ampli-
tudes are assumed to be zero. Also shown are the data of Ref. 7 
(open circles) and the RPA-SK III calculation of Cavinato et al. 
(broken line; Ref. 10). 
model any E2 strength observed is resonant in nature. It 
can be concluded that there exists-an electric quadrupole 
resonance in the neutron channel even though the present 
E2 cross section results are substantially lower than those 
previously reported. 7 
The present E 2 neutron data suggest that the ratio be-
tween the direct strength and the resonant strength lies 
somewhere between a 60% (direct)-40% (resonant) and 
70% (direct)-30% (resonant) split. This assumes that all 
the direct and one-half of the resonant strengths are con-
centrated in the proton channel, and the other one-half of 
the resonant strength is found in the neutron channel. 
The latter ratio of the direct strength to resonant strength 
will yield a neutron E 2 cross section of about one fifth of 
the magnitude of the proton E 2 cross section which is the 
case when the results of this experiment are compared to 
photoproton measurements. 8,9,20 
From the present experimental results, the energy-
weighted integration of the E 2 cross section between 30 
and 35 MeV gives 0.22±0.09 1jbMeV' for the E2 
ground-state photoneutron channel. This is about 4% of 
the EWSR 1 (one EWSR 1 for 160  is 5.60 itbMeV' using 
the EWSR 1 of Ref. 26). 
V. CONCLUSIONS 
Excellent agreement was found between the present 
ground-state cross section and a previous (y,n 0 ) measure-
ment, 7 and (y,po) - measurements 8,9,20 were seen to be 
about one-third lower in magnitude in the energy region 
studied (30-35 MeV). The angular distributions reported 
here display nonzero values of the a 1 and a 3 coefficients, 
indicating the presence of either E 2 or M I absorption 
strength (or both) interfering with the E 1 strength in the 
neutron channel. 
The E 2 cross section was obtained from the present a 1 , 
a 2 , and a 3  values [using a model where there is negligible 
E 2 (f-wave) neutron emission] and information from 
previous polarization experiments. In the energy region 
studied, the present E2 results are significantly lower in 
magnitude than a previous measurement. 7 We believe 
that this difference arises in part from fitting the differen-
tial cross sections with a different Legendre polynomial 
order and, in part, from a different interpretation of the 
measured angular distributions and the single-particle ma-
trix elements describing them. 
The recent calculation by Cavinato et al)° of the E 2 
cross section is in good agreement with the present results 
over the energy region studied. 
The energy-weighted integration of the E 2 cross sec-
tion between 30 and 35 MeV gives 0.22±0.09 jib MeV 1 
for the ground-state neutron channel, exhausting about 
4% of the isovector E 2 energy-weighted sum rule. 
To obtain a more accurate and model-independent esti-
mate of the E 2 photoneutron cross section, polarization 
measurements are required in energy regions higher than 
30 MeV. 
ACKNOWLEDGMENTS 
The assistance of Mr. Alex Nowak and the staff of the 
electron linear accelerator laboratory of the National 
Research Council of Canada was essential during the 
data-acquisition phase of this experiment and is gratefully 
acknowledged. This work was supported in part by the 











Present address: Department of Physics, University of Toron-
to, Toronto, Ontario, Canada M5S lA7. 	 - 
1 V. Gillet and H. Vinh Mau, Nucl. Phys. 54,321 (1964). 
2F. W. K. Firk, Annu. Rev. NucI. Sci. 20, 39 (1970). 
3Photonuclear Reactions, edited by E. G. Fuller and E. Hay-
ward (Dowden, Hutchinson, and Ross, Stroudsburg, 1967), 
Vol. 2. 
4P. C. Nagle, E. J. Winhold, P. E. Yergin, P. Stoler, and S. G. 
Mecca, Nuci. Phys. A127, 669 (1969). 
5J. W. Jury, J. S. Hewitt, and K. G. McNeill, Can. J. Phys. 48, 
1635 (1970). 
6S. S. Hanna, H. E. Glavish, R. Avida, J. R. Calarco, E. 
Kuhlmann, and R. LaCanna, Phys. Rev. Lett. 32, 114 (1974). 
7T. W. Phillips and R. G. Johnson, Phys. Rev. C 20, 1689 
(1979).  
8W. J. O'Connell and S. S. Hanna, Phys. Rev. C 17, 892 (1978): 
9J. W. N. Paul, K. A. Snover, M. Suffert, E. K. Warburton, and 
H. M. Kuan, in Proceedings of the International Symposium 
on Highly Excited States in Nuclei, Jülich, 1975, edited by A. 
Faessler, C. Mayer-Böricke, and P. Turek (Kernforschungsan- 
lage, Jülich, 1975), Vol. 1, p.  2. 
'°M. Cavinato, M. Marangoni, P. L. Ottaviani, and A. M. 
Saruis, NucI. Phys. A373, 445 (1982): 
M. Potokar, Phys. Lett. B46, 346 (1973). 
12H. A. Bethe, Rev. Mod. Phys. 9, 69 (1937). 
13E. Hayward, Nuclear Structure and Electromagnetic Interac-
tions, Scottish Universities Summer School 1964, edited by N. 
MacDonald (Oliver and Boyd, Edinburgh, 1965), pp. 
143-145. 
14J. W. Jury, C. K. Ross, and N. K. Sherman, NucI. Phys. 
1794 	 KUO, JURY, SHERMAN, AND DAVIDSON 	 30 
A337, 523 (1980). 
15J. D. Watson, J. W. Jury, P. C-K. Kuo, N. K. Sherman, W. F. 
Davidson, and K. G. McNeill, Phys. Rev. C 27, 506 (1983); J. 
D. Watson, M. S. thesis, Trent University, 1983. 
16L. I. Schiff, Phys. Rev. 83, 252 (1951). 
17H. Arenhövel, W. Fabian, and H. G. Miller, Phys. Lett. 52B, 
303 (1974). 
18F. Partovi, Ann. Phys. (N. Y.) 27, 29 (1964). 
19p. R. Bevington, Data Reduction and Error Analysis for the 
Physical Sciences (McGraw-Hill, New York, 1969), pp. 
148-160. 
20M. Anghinolfi, P. Corvisiero, M. Taiuti, and A. Zucchiatti, 
Phys. Rev. C 28, 1005 (1983). 
21 F. A. Hanser, Ph.D. thesis, Massachusetts Institute of Tech-
nology, 1967. 
22g. S. Hanna and W. E. Meyerhof, Progress Report, Stanford 
University, 1975. 
23R. W. Carr and J. E. E. Baglin, Nucl. Data Tables 10, 143 
(1971). 
24p. C-K. Kuo, M. S. thesis, Trent University, 1983. 
25E. D. Arthur, D. M. Drake, and I. Halpern, Phys. Rev. Lett. 
35, 914 (1974). 
26S. S. Hanna, in International Conference on Nuclear Physics 
with Electromagnetic Interactions, 1975, edited by H. 
Arenhövel and D. Drechsel (Springer, Berlin, 1975), p. 288. 
PHYSICAL REVIEW C 	 VOLUME 31, NUMBER 2 	 FEBRUARY 1985 
Ground-state photoneutron reactions in 14C 
P. C-K. Kuo and K. G. McNeill 
Department of Physics, University of Toronto, Toronto, Ontario, Canada MSS IA? 
N. K. Sherman, S. Landsberger,* and W. F. Davidson 
Division of Physics, National Research Council of Canada, Ottawa, Ontario, Canada K1A 0R6 
J. W. Jury and J. R. C. Lafontaine 
Department of Physics, Trent University, Peterborough, Ontario, Canada K9J 7B8 
(Received 27 August 1984) 
Photoneutron time-of-flight spectra from the 4C(y,n0) 13C reaction were measured as functions of 
laboratory angle over the excitation energy region from 10 to 28 MeV. Angular distribution coeffi-
cients and differential cross sections were extracted as functions of excitation energy between 10 and 
23 MeV. The angle-integrated ground-state cross section. indicates that ground state transitions 
dominate the T <  giant dipole resonance region below 13 MeV, but only contribute about 50% of the 
strength in the neutron channel in the rest of the giant dipole resonance region. The results support 
a mechanism of dominant El absorption in the energy region from 13 to 23 MeY where an average 
value of 0 2 = —0.5 indicates pi/2,d3/2 single-particle neutron transitions. Angular distribution in-
formation suggests that much of a prominent resonance at 11.3 MeV (with an integrated cross sec-
tion of about 1.03 MeV mb) is due to an MI transition from the ground state of ' 4C. If this is the 
case, there is little fragmentation of the Mi strength in ' 2C brought about by the presence of valence 
neutrons. When combined with the observation of the lack of a pygmy El resonance below the gi-
ant dipole resonance region, these results suggest that a model of 14C as a 12C "core" with two 
valence, weakly coupled, neutrons is inappropriate. Below an excitation energy of about 19 MeV, 
there is reasonably good quantitative and qualitative agreement between the present data and the re-
sults of a recent shell model calculation. 
I. INTRODUCTION 
In the last few years, a series of photonuclear measure-
ments has been aimed at studying the nuclear, photoeffect 
in those light nuclei with one or two valence nucleons (or 
holes) associated with a nuclear "core." Examples are 13C 
(Refs. 1), 15 N (Refs. 2 and 3), 170 (Ref. 4) 180  (Refs. 5), 
and 26Mg (Refs. 6). To some extent the results of these 
experiments suggest that a weak coupling model can be 
used with standard shell model calculations to describe 
the observed photoabsorption cross sections in these nu-
clei. 
There is relatively little experimental information re-
ported on 14C, which might be considered as a 12C core 
plus two valence neutrons. The presently available data 
include electron-scattering work  7-9 elastic neutron 
scattering from 13 C (Ref. 10), polarized-neutron capture 
into ' 3C (Refs. 11 and 12), and a very recent 
measurement.  13  Limited availability of separated-isotope 
14C in the quantities necessary for photonuclear measure-
ments (typically quantities of several moles) and the 
natural radioactivity of the sample are the primary 
reasons that the photoabsorption cross sections of ' 4C 
have not been measured for all the major deexcitation 
channels. 
Several shell model calculations have attempted to 
describe the A = 14 system. 47 The calculated shape of 
the total photoabsorption cross section from a recent 
particle-hole shell model calculation by Assafiri and Mor-
rison 17 was found to be in reasonable agreement with the 
14C(y,n10 ) cross section of Pywell et al. 13  This agree-
ment indicates that the (as yet unreported) photoproton 
cross section does not contribute in a major way to the to-
tal absorption cross Section, except possibly in the region 
from 25 to 27 MeV. 
Since 14C (with ground-state isospin T= 1) is a light 
non-self-conjugate nucleus, one should be able to observe 
the isospin splitting of the giant dipole resonance (GDR). 
Based on the evidence presented in Refs. 1-6, part of the 
T <  component could be expected to form a pygmy reso-
nance at an energy below the GDR. It is in this region 
that transitions through single-particle states might be ob-
served as identifiable resonances. 
The ground state of 14C is J"=0, T= 1. Electric di-
pole (El) excitation will populate J'= 1, T= 1 (the "T 
lower" or T < ) and J"=1, T=2 (the "Tupper" or T > ) 
states in the GDR of ' 4C. Because T > states may not de-
cay to the J' = ~ , T = + ground state of 13 C (the transi-
tion is forbidden by isospin selection rules), all neutron 
transitions to the ground state of 13C must come from the 
excited T < states in 14C. 
• From the recent 14C(y,n101 ) measurement,' 3 the only 
significant structures observed below an excitation energy 
of 14 MeV were a shoulder near 13 MeV and a well de- 
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fined peak at about 11.3 MeV. However, this peak might 
be composed of transitions to a 1  state (i.e., not part of 
the E 1 GDR) since it has been seen in a 180 electron-
scattering measurement 9  [in which the magnetic dipole 
(M 1) mode is preferentially excited 8]. This finding has 
raised some interesting questions. 
Does the 11.3 MeV peak observed in the neutron chan-
nel' 3 arise from M 1 transitions to a I + state? The first 
indication of a 1 + state near 11.3 MeV was reported by 
Kaschl e+-al. 18 in a ' 5 N(d, 3He) measurement. It has also 
been identified in a neutron scattering measurement of 
Lane et al. 10 If the resonance is indeed an M 1 transition, 
then how much Al ; 1 strength does it have and is this M  
resonance fragmented due to the presence of two valence 
neutrons? 
This paper reports on the measurement of the angular 
distributions of the ground-state photoneutrons in the en-
ergy region 10-28 MeV. This new information provides 
an indication of the multipolarity of the peak at 11.3 MeV 
and the absorption process leading to formation of T <  
states in the continuum. 
Comparison of the present single channel (y,n 0 ) results 
with the (y,ntot ) measurement can lead to an understand-
ing of the decay processes in the GDR region. Moreover, 
a single channel measurement permits the investigation of 
specific multiparticle-multihole (mp-mh) interference ef-
fects, such as the possibility of a second doorway state, as 
recently reported for ' 3 C. 19 
II. EXPERIMENTAL DETAILS 
The measurement of the cross section and neutron an-
gular distributions for the 14C(y, no ) 'C reaction was car-
ried out using the photoneutron time-of-flight angular 
distribution facility at the electron linear accelerator labo-
ratory of the National Research Council of Canada. Be-
cause this facility has been described in some detail else-
where, 3,20  only some of the features most relevant to this 
experiment will be described here. 
Since the first excited state in ' 3C is at 3.09 MeV, the 
highest 3.09-MeV-wide region of the tip of the neutron 
energy spectrum corresponds unambiguously to ground-
state transitions. Consequently, photoneutron time-of-
flight spectra were measured in 3 MeV intervals between 
13.5 and 28.5 MeV. 
The 14C sample was in the form of calcium, carbonate 
(CaCO 3 ) powder of activity 52.98 Ci. This is 11.9 g or 
0.85 moles of ' 4C. This sample was sealed in an alumi-
num cylindrical tube of length 102mm, diameter 44 mm, 
and wail thickness 1.2 mm. This thin wall caused negligi-
ble neutron or photon attenuation. Inactive calcium car-
bonate powder in an identical container was used to mea-
sure the background. Samples of D 20 and H20 were used 
to monitor and measure the 'photon distribution. These 
samples were in cast acrylic plastic tubes of the same 
outer dimensions as the aluminum containers but 
machined to a wall thickness of 2 mm. In' order to ensure 
that all the photoneutron samples received the same 
amount of photon flux, a computer-controlled sample 
changer was used to cycle the samples in and out of the 
photon beam with a period of typically 1-2 mm. 
For each of the samples used, eight neutron time-of-
flight spectra were recorded simultaneously, using 10 in 
flight paths spread over an angular span from 480  to 139° 
in 13° steps. Each of the eight neutron detectors sent a 
"stop" signal to an independent time-to-digital converter 
(TDC) which was part of a standard CAMAC data ac-
quisition system. Each TDC was started by a fast pulse 
generated by the photon beam striking a detector placed 
near the sample. The time calibration of the time-of-
flight systems and the determination of the relative effi-
ciencies of the neutron detectors were obtained as previ-
ously reported. 3 ' 20 
III. DATA REDUCTION 
The reduction of data from the series of photoneutron 
time-of-flight spectra to yield a total ground-state cross 
section and the anisotropy coefficients was accomplished 
by the following steps. 
Initial corrections for dead time and natural and sample 
background were performed on the time-of-flight spectra 
before they were converted into neutron energy spectra in 
the center-of-mass frame. The neutron energy spectra 
were then corrected for detector efficiency and converted 
to the excitation energy scale. 
Legendre polynomials up to second order were fitted to 
these energy spectra and the normalized angular distribu-
tion coefficients a (i =0,1,2) were obtained using the fol-
lowing expression: 
Yield (E)=A1 P(cosO) 
and 	 (1) 
a=A1 /A o 
The coefficients a, were extracted as functions of excita-
tion energy using a weighted least-squares technique. 21 
The total angle-integrated cross section was obtained by 
dividing 47iA 0  by the (measured) bremsstrahlung distribu-
tion scaled to the relative number of nuclei of ' 4C and 2H 
exposed to the photon beam. The scale of the cross sec-
tion was determined relative to the deuterium cross sec-
tion, calculated by Arenhövel et al. 22 for E less than 10 
MeV and by Partovi23 for E greater than 10 MeY. 
IV. RESULTS AND DISCUSSION 
The total angle-integrated cross section for the 
14C(y,n0 ) 13C reaction is shown in Fig. 1(a). Shown in 
Figs. 1(b) and 1(c) are, respectively, the normalized angu-
lar distribution coefficients a I and a 2 , extracted from 
second-order Legendre polynomial fits. 
The data presented in this figure were obtained from 
four independent measurements of the reaction at brems-
strahlung end point energies 13.5-28.5 MeV in steps of 3 
MeV. Because of the very low photon flux near the tip of 
the bremsstrahlung beam, the data lying in the energy re-
gion within 300 keY of each of the end points contained 
too few events to justify a Legendre fit and were discard-
ed. This resulted in three 300-keY-wide gaps where no us-
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FIG. 1. Present results (full circles) for the ground-state pho-
toneutron reactions in ' 4C: (a) the total angle-integrated cross 
section; (b) and (c) the normalized angular distribution coeffi-
cients a 1 and 02, respectively, as functions of energy. Also 
shown in (b) and (c) are comparisons with results from Ref. 12 
(open diamonds). Good agreement is seen between the two sets 
of data. 
(i.e., P3 and F4 ) were attempted but no decrease in the re-
duced X 2 values of the fits was observed, and there was an 
increase in the error estimates for the a I and a 2 coeffi-
cients. This effect was attributed to the relatively large 
statistical uncertainties (of about 10%) on the measured 
data points. Insufficient statistics were accumulated for 
the last two end point energies (25.5 and 28.5 MeV) to jus-
tify the extraction of meaningful angular distribution 
coefficients. Hence, no a I and 02 values are reported for 
energies above 22.2 MeV. 
A. The ground-state cross section 
Considerable structure is observed in the ground-state 
cross section [see Fig. 1(a)]. In particular, a sharp peak at 
11.3 MeV is suggestive of a resonance of - single-particle 
character. There is evidence of a shoulder near 13 MeV. 
Three broader peaks are seen at 15.5, 18.2, and 21.8 MeV. 
The pronounced and narrow resonance centered at 11.3 
MeV has been observed in the total photoneutron mea-
siirement' 3 where an integrated strength of 1.1±0.1 
MeV mb was reported (after removal of the underlying 
E 1 GDR tail). The present results show a value of 
1.03±0.06 MeVmb (with a similar background subtrac-
tion). This is excellent agreement. Both experiments 
measure the cross section for the same reaction at this ex-
citation energy, since only the ground-state neutron chan-
nel is open for decay by particle emission. The observed  
agreement is encouraging in that these experiments em-
ployed entirely different techniques, one using quasimono-
chromatic photons produced by in-flight positron annihi-
lation and a 41r neutron detector consisting of BF 3 tubes, 13 
while the present measurement used kinematically-
selected monochromatic segments of bremsstrahlung radi-
ation with a multiangle neutron time-of-flight spectrome-
ter. 
As is discussed in the following, other measurements 
have detected an even parity state at this energy suggest-
ing a possible M I character for the absorption mecha-
nism. Analysis of the anisotropy coefficients measured in 
this experiment supports this hypothesis (see the follow-
ing). 
The two peaks at 15.5 and 18.2 MeY seem to be distort-
ed. This might be caused by interference of mp-mh states 
with the primary lp-lh states in the GDR. Such effects 
have been noted previously for 160  (Ref. 24) and, recently, 
for ' 3C near an excitation energy of 20.6 MeV. 19 In the 
latter case it was apparent that interference with ,a 3p-2h 
secondary state caused a distortion in the shape of the pri-
mary 2p-lh state at this energy. There was also a corre-
sponding effect on the 02 coefficient causing the values to 
deviate towards zero. There is some indication that this 
effect is seen in the 02 values measured in this experiment 
near 17.5 MeV. 
The shoulder near 13 MeV is seen more clearly in the 
14C(y,n 0 ) measurement. 13  When compared to the total 
photoneutron cross section, the lower ground-state cross 
section suggests the possible presence of a single-particle 
state which can decay to the first (+ ) or second (+ 
excited state in ' 3C as well as (in the present case) to the 
ground state; 1 excited states in the ' 4C GDR cannot de-
cay to the J = 2 + (third) excited state in 13C. This is con-
sistent with the observation of Mordechai et al. 25 in a 
12C(t,p) measurement. They made a tentative.J=(1) as-
signment to a state at 12.96 MeV. 
The present observed peak at 21.8 MeV is seen, but less 
clearly, in both the (y, ln) and (y,2n) data of Pywell 
et al. 13  This suggests that at 21.8 MeY there exist J= 1 
states of both isospin T > and T < . There is no evidence 
in the ground state cross section measured in this work 
for the peak seen at 26 MeV in the total photoneutron 
cross section measured by Pywell et al. (see Fig. 3). 
The integrated cross section between 10.4 and 28.0 MeV 
(excluding the 11.3 MeV peak) was found to be 42±0.3 
MeVmb, exhausting 20±0.2% of the classical Thomas-
Reiche-Kuhn (TRK). dipole sum rule value of 
206 MeV mb for 14C. On the other hand, the total pho-
toneutron cross section [including (,np) and (y,2n) chan-
nels] of Ref. 13 exhausts about 60% of the TRK sum rule 
between 8 and 36 MeV. 
The present measurement shows no evidence of an E 1 
pygmy resonance. This is contrary to the observations in 
other light nuclei having two valence neutrons outside a 
core, such as 180  (Ref. 5) and 26Mg (Ref. 6). 
B. Angular distributions 
As already noted, an attempt was made to fit the 
present data to third-order Legendre polynomials, but for 
several energies the cross section extrapolated to OU  be- 
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came negative and no improvement in the reduced X 2 
values was observed. It was concluded that within the 
statistical uncertainty of the data, there is no detectable 
amount of E2 absorption in the energy region presently 
studied. 
The angular distribution coefficients can be expressed 
in terms of single-particle transition matrix elements and 
phase shifts. The angular distribution coefficients for 14C 
in terms of the E 1 and M 1 matrix elements and phase 
shifts aipresented in Table I. The channel spin represen-
tation has been used, 26 and E2 matrix elements have not 
been included. 
From Table I, it is apparent that a detailed analysis of 
the angular distribution coefficients is impossible without 
information on the relative phase shifts involved, or mea-
surements of photoneutron or photon polarization. How-
ever, the relations in Table I show how the Legendre coef-
ficients depend on the E 1 and M 1 transition matrix ele-
ments, and a qualitative analysis of the variation of these 
coefficients with energy can indicate the nature of the ma-
trix elements involved. 
1. The a 1 values 
The measured a 1 coefficients, which represent the 
amount of El-MI interference (assuming negligible E2 
absorption here) in the photoabsorption matrix elements 
for the reaction, are seen in Fig. 1(b) to be zero over most 
of the energy region studied. However, a dramatic devia-
tion from the zero value is observed in the region of the 
11.3 MeY peak. This suggests the presence of M 1 ab-
sorption strength interfering with the dominant E 1 ab-
sorption process. An expanded plot of the data in this re-
gion is shown in Fig. 2. The variation of, with energy 
in this region shows a transition from (large) positive 
values of about +0.4 to (large) negative values of —0.4, 
occurring with the zero-crossing point at 11.3 MeV, the 
energy center of the resonance. This behavior is charac-
teristic of the interference of a narrow resonance (MI) 
with an underlying broader one (E 1) where the relative 
phase between the two resonances is changing by n- radi-
ans across the narrow resonance. Small nonzero a, values 
are also found in the energy regions of 16.5-18.0 MeY 
and 20.0-21.0 MeV, indicating small amounts of MI 
TABLE I. Angular distribution coefficients for ' 4C given in 
terms of the E 1 and M  single-particle matrix elements and 
relative phase shifts. The matrix elements are expressed in the 
form E l(l,J,$) and M l(1,J,$), where 1 is the orbital angular 
momentum of the emitted particle, J is the angular momentum 
of the intermediate excited states, and s is the channel spin. &s 
are relative phase shifts. 
A o =3E1(0l1)2 +3E1(211)2 +3M1( 110)2 +3hI1(111)2 
Ai=-7.3E1(0ll)M1(lll)cos61 
—5.2E1(211)M1(1li)cosS2 
A2 = - 1. 5E 1(21 1)2 -3M  1(110)2 + 1. 5M 1(111) 2 










10.2 	1Q6 	11.0 	11.4 	1L8 	122 
Excitation Energy (MeV) 
FIG. 2. An expanded scale plot of the data presented in Fig. 
1. Near 11.3 MeV, the a I coefficient is seen to change sign sug-
gesting M 1-El interference for which the relative phase angle 
is changing rapidly over a narrow energy region. 
strength, or possibly, strength due to other higher order 
multipolari ties. 
The indication that the 11.3 MeV peak is due to a M 1 
transition from the ground state of 14C is consistent with 
the observations of Kaschl et al., 18  the results ofthe 180° 
electron-scattering measurement of Crannell et al., 9 and 
the neutron scattering work of Lane et al. 10 In the latter 
reference it was suggested that, between 11 and 12 MeV, 
there are broad E 1 states underlying the narrow 1±  state 
at 11.3 MeY. This is consistent with the present data 
which show an underlying background of about 1 mb in 
the E 1 GDR tail between 10 and 12 MeV. The present 
experimental results give an integrated cross section of the 
11.3 MeV peak of 1.03 ± 0.06 MeY mb (after removing the 
GDR tail). 
Crannell et al. 9  reported an electromagnetic transition 
width (17 0 ) of 6.8±1.4 eV for this 11.3 MeV peak, while 
Pywell et al. 13 gave a width of 12±2 eV for the same 
state. The present measurement yields a width of 11±2 
eV, in agreement with the result of Ref. 13. The broader 
widths measured by using real photons are most likely due 
to the presence of both E 1 and M 1 absorption while the 
180° electron-scattering work of Crannell et al. 9 measured 
the width due only to M 1 transitions. Under this as-
sumption the measured photon width (F ro ) can be com-
pared in terms of effective integrated cross section 
strength over the 11.3 MeV peak as in Table II. Thus, the 
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TABLE II. The measured photon width (T 0) compared in 
terms of effective integrated cross section strength over the 11.3 
MeV peak. 
Integrated cross section 
Experiment (MeV mb) 
180' electron 
scattering (Ref. 9) (M 1) 	 0.6 ±0.2 
Present results (El +M 1) 1.65±0.12 
'Peak  rea, 1.03±0.06; underlying GDR tail, 0.62±0.06. 
indicating that more than one-third of the strength of this 
peak is due to M 1 transitions. Furthermore, the ratio of 
the M  to El cross sections is about 0.56±0.18 at this 
energy; 
To set this value into perspective, a comparison can be 
made with the M 1 and E 1 strengths reported recently by 
Snover et al .27  for several states seen in the ' 5N(,y0 )' 60 
reaction. This radiative-capture, experiment has deter-
mined F values for 1 states at 16.21 and 17.12 MeY in 
160 to be 3.7 and 6.72 eV, respectively. A nearby 1 state 
at 17.27 MeV was observed to have a width of 
eV. Therefore, near excitation energies of 17 MeV in 160 
a ratio of M 1 and E 1 absorption strength of about 0.17 is 
found. This is considerably less than the present observa-
tion of an M 1 I I ratio of about 0.56 near 11.3 MeV in 
the ' 4C nucleus. 
Since the -a I values are seen to be near zero in the ener -
gy region between 14 and 23 MeY, it is reasonable to con-
clude that little additional M 1 strength is present. Thus, 
it appears that the M 1 strength near 11.3 MeV is not 
fragmented. This is quite different from the observed 8 
fragmentation of the M 1 strength in other light, non-
self-conjugate nuclei when one to two nucleons (or holes) 
are added to a "self-conjugate core" (such as 13 C, 22Ne, 
and 26Mg). 
2. The a 2 values 
In the energy region of 13 to 23 MeV, the a 2 coefficient 
shows an "average" value of about —0.5. This average 
value is in agreement with the special case of (i) no M I 
strength, (ii) no E2 strength, and (iii) pure d-wave neu-
tron emission after E I absorption (p 1/2 —+d 312 transitions 
in this case; see the expressions for A 0 and A 2 in Table D. 
However, the a 2 value is not constant at —0.5, indicating 
such simplifying assumptions are not generally applicable. 
We conclude that the main structures observed in the 
ground state cross section, except a component of the 
peak at 11.3 MeV, comprise the T < component of the 
electric dipole GDR and that this cross section is com-
posed largely of transitions resulting in d-wave neutron 
emission. 
C. Comparison with 13C( ,y0 ) results 
Shown in Fig. 3 is a comparison of the present mea-
surement with the results of Wright." This neutron-









IC 	12 	14 	16 	18 	20 	22 	24 	26 	28 
Excitation Energy (MeV) 
• FIG. 3. A comparison of the present measurement (full cir-
cles) with the neutron capture work of Wright (Ref. 12) (open 
diamonds; converted by application of detailed balance). Excel-
lent agreement is seen between the two sets of measurements in 
the region of overlap. Also shown is the total photoneutron 
measurement (open circles connected by a continuous line) of 
Pywell et al. (Ref. 13). Good agreement is found between the 
present measurement and that of Ref. 13 for excitation energies 
below 13 MeV. 
beam at the Triangle Universities Nuclear Laboratory; the 
results have been converted for comparison with photonu-
clear cross sections by the application of the principle of 
detailed balance. Excellent agreement is found in the en-
ergy region of overlap. 
The angular distribution coefficients a 1 and a., ob-
tained from third-order Legendre fits by Wright 12  are also 
in good agreement with the present results [see Figs. 1(b) 
and (c)] which were obtained from second-order Legendre 
fits. 
The a 3 values of Wright 12  in the excitation energy re-
gion between 15.4 and 20.3 MeV are zero within the quot-
ed uncertainties, with the exception of 17.7 MeV where a 3 
has a value of +0.135±0.046, indicating the possible 
presence of E 2 strength. 
D. Comparison with the 14C(y,n 0 ) cross section 
Also shown in Fig. 3 is a comparison between the 
present ground-state and the total photoneutron' 3 cross 
sections. It is seen that the two measurements are in ex-
cellent agreement up to 13 MeV (taking into account reso-
lution effects on the 11.3 MeV peak). This indicates that 
in the region from 11.3 to 13.0 MeY, 100% of all transi-
tions proceed to the ground state of ' 3C, even though 
non-ground-state transitions are kinematically possible. 
The dominant reaction mechanism here seems to be the 
excitation of the single-particle transitions involving the 
P1/2 neutrons. 
As already discussed, the integrated area under the 11.3 
MeV peak (after removing the E 1 GDR tail) of the 
present work is 1.03±0.06 MeVmb, again in excellent 
agreement with the results of Pywell et al. 13  of 1.1±0.1 










peak is attributed to the different energy resolution at that 
energy. The resolution of Ref. 13 at 11.3 MeV is 350 keV, 
while the present energy resolution at the same energy is 
about 150 keY. Between 13 and 18 MeY it is seen that 
only about one-half of the total photoneutron cross sec-
tion results in transitions to the ground state. The dip in 
the average (singles) neutron energy observed by Pywell 
et a!) 3 supports this. 
A valley is seen in the ground-state cross section, but 
not in the total photoneutron cross section, between 16 
and 18 MeV. In this energy region, transitions to the first 
two (bound) excited states near 3.5 MeV in ' 3C are possi-
ble and could account for this difference. Also, the (y,2n) 
channel has opened up at 13.12 MeV, but the'measured 
(y,2n) cross section of Ref. 13 shows no appreciable 
strength up to about 19 MeV. 
In the energy region of 18 to 27 MeV, it is again seen 
that transitions to excited states are preferred. A peak at 
26 MeV was observed in the total photoneutron cross sec-
tion but not seen in the present ground-state data. This 
supports the interpretation of Pywell et a!) 3 that the 
peak at .26 MeV is a T >  state, since neutron emission to 
the ground state of 13C from T > excited states in 14C is 
forbidden by isospin conservation. However, because the 
ground-state cross section is not zero (about 1 mb) in this 
region, some T < strength is still present at this energy. 
E. Comparison with theory 
A comparison of the present ground-state measurement 
with the total photon absorption shell model calculation 
of Kissener et al. 15  is shown in Fig. 4. The scale of the 
calculated cross section has been reduced by a factor of 2 
to facilitate comparison with the experiment. It can be 
seen that the gross structure of the ground-state cross sec-
tion is reproduced but not the positions of the peaks. The 
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FIG. 4. The present ground-state results (full circles) are 
compared with the bound-state shell model calculation (solid 
line) of Kissener et al. (Ref. 15) for the ground-state cross sec-
tion. The scale of the calculated cross section has been reduced 
by a factor of 2 to facilitate comparison with the present mea-
surement. The calculation reproduces the gross structure of the 
cross section but not the positions of the peaks.  
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FIG. 5. Fair agreement is found between the present mea-
sured T <  strength (full circles) and the predicted (solid line) 
cross section of Assafiri and Morrison (Ref. 17). In general, the 
calculated strength is greater than the measurement. 
calculation was performed in the framework of the 
bound-state shell model combined with R-matrix theory. 
The predicted distribution of the T < strength from a 
recent particle-hole shell model calculation by Assafiri 
and Morrison 17  is shown in Fig. 5 together with the 
present data. This calculation ("set No. 3") was carried 
out under a dipole approximation using the residual 
nucleon-nucleon interaction of Cooper and Eisenberg 21 
with a well depth of 50 MeV. 
Fair agreement is seen between the prediction of the 
T <  cross section and the present measurement. The mag-
nitude of the calculated strength is seen to be higher thar 
the measured values in some energy regions. This is ex 
pected since, although the ground state transitions are ex 
clusively T < , they do not necessarily exhaust all the T 
strength in the GDR region. Transitions to T < excitec 
states in ' 3C are not measured in this experiment. Howev-
er, the comparison with the total photoneutron cross sec 
tion data 13  also shows the calculation to be too high in re 
gions below 21 MeV. Little analysis of the theoretica 
predictions can be carried out for the energy region above 
21 MeV until the photoproton cross section is available 
[the threshold for the 14C(y,p) channel is 20.8 MeV]. 
Jäger et al. 14 have predicted the locations of the strong 
est T=l dipole states in 14C to be at 15.2, 18.2, and 21. 
MeV. This is in excellent agreement with the presen 
(T = 1) ground-state cross section which displays peaks a 
15.5, 18.2, and 21.8 MeV. These authors also predicte 
small amounts of T=2 strength near 21.8 MeY. This i 
in agreement with the observation that a resonance at 21 . 
MeV is seen in both the present (T =1) measurement an( 
the (y,2n) (mostly T =2) cross section. 
13 
V. SUMMARY 
The present data suggest that nearly 100%. of the pho 
toneutron transitions proceed to the ground state of 
13 
below about 13 MeV. Above this energy, only about one 
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tron channel. There is no evidence of an E 1 pygmy reso-
nance below the GDR region. In other light nuclei, addi-
tion of a neutron to a closed (sub)shell, as in ' 3C and 170 
and the subtraction of a proton in the case of 15N, appears 
to be the cause of pygmy E 1 resonances lying at energies 
below the GDR. Similarly, the addition of two neutrons 
in the case of 180  is accomplished by the appearance of a 
pygmy resonance. Yet in the case of 14C there does not 
appear to be a distinct E 1 pygmy resonance. 
The only significant structure seen below the GDR is a 
sharp peak at 11.3 MeV. The present experiment shows 
that this is a dipole state exhibiting an a 2 coefficient 
differing distinctly from the local average, and that there 
is even-odd multipole interference in this energy region 
and not elsewhere, as shown by the finite value of al. 
Furthermore, there is no evidence for E 2 excitation in the 
energy range from 15 to 20 MeY since the a 3 coefficient 
reported in Ref. 12 remains zero. There are strong indica-
tions of El-Ml interference at 11.3 MeY. It is likely 
that a major contributing amplitude is M 1, with the other 
strength being of an E 1 character. Our results cannot 
rule out the possibility that the local change in a 2 is due 
to E I strength involving a different neutron angular 
momentum than the rest of the E I cross section, interfer-
ing with a weak M 1 transition. However, inelastic elec- 
tron scattering and neutron scattering experiments also see 
M 1 strength which dominates at 11.3 MeV. The simplest 
interpretation is that the 11.3 MeV peak has a large com-
ponent of M 1 strength, possibly as much as 36% of the 
total photoabsorption cross section. However, we cannot 
rule out the possibility that we are observing a weak M 1 
transition through its interference with a strong E 1 tran-
sition. 
It is useful to recall that strong M 1 transitions occur to 
states in 12C at 15.11 MeV, in 13C at 15.1 MeV, and in 160 
at 13.7, 16.2, and 17.1 MeV. Indeed, strong compact Ml 
transitions appear systematically in the light nuclei. 
These -systematics encourage us to assign spin and parity 
of l to the 11.3 MeY state of 14C we see in the (y,n 0 ) 
cross section. 
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Electron-Pair Creation on the Uranium Nucleus 
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From measurements of the total-absorption cross section for photon energies between 3 and 38 
MeV we obtain values of the cross section for pair creation on the 2381J nucleus. Theoretical values 
of the distorted-wave Born cross section for pair creation are available at 10 and 20 MeV. These, 
modified by radiative and screening corrections, are compared with øk obtained from the experi-
ment. The agreement is within about 1% at 20 MeV. However, at 10 MeV the theoretical value is 
about 4% too small. The calculations likely can be improved by taking into account the finite size 
of the nucleus. 
PACS numbers: 25.20.Lj, 27.80.+w 
In heavy elements absorption of photons whose en-
ergies exceed a few megaelectronvolts occurs mainly 
by creation of electron-positron pairs in the electric 
field of the nucleus. The cross section cr for nuclear 
pair creation is therefore of considerable practical im-
portance. Yet even in the most recent tabulation,' cal-
culated values of a for large atomic number Z are un-
certain by about 1% for photon energies w between 5 
and 50 MeV. øverbo, Mork, and Olsen 2 were able to 
calculate a,,, (w) exactly for 1 Z 100 and 
1.03 5 MeV. Computation was too difficult for 
higher energies when Z was large. On the other hand, 
Davies, Bethe, and Maximon 3 derived a form of 
o() which is accurate at very high energies. How-
ever, between about 5 and 50 MeV the effects of 
screening and Coulomb distortion are significant and 
change rapidly with w. Hubbell et al. used improved 
screening corrections for 5 w 50 MeV but their 
Coulomb corrections are semiempirical. Total-absorp-
tion measurements in our laboratory 4-7  on elements 
with 73 Z 83 indicate that the tabulated values' of 
are too small by 0.5% to 1% for 20w30 
MeV. Recently 8 Kosik and Wright, by dint of im-
proved mathematical procedures and lengthy computa-
tions, obtained the pair cross section in distorted-wave 
Born approximation cr. (DWBA) for uranium at 10 
and 20 MeV with an uncertainty of about 0.25%. They 
assumed that the 238U nucleus is pointlike. 
We have measured the absorption of pulsed 42-MeV 
bremsstrahlung by n,,U and obtained experimental 
values of o() which are uncertain by about 0.25%. 
We used a photon spectrometer 5-7  consisting of a 
liquid-deuterium target viewed by a neutron time-of-
flight detector. The total cross section a- () for pho-
ton absorption was obtained over the range 3 w 38 
MeV. The energy resolution tco/a, varied from 0.2% 
to 3.3% over this range (the time resolution was 0.3 
nsfm) and was 1.2% at 10 MeV and 2.1% at 20 MeV. 
The absorber consisted of two U disks of total thick- 
ness 13.935 mm and mass 530.860 g (density 
18.759) whose end faces were parallel to within 12 
Am, sandwiched between Al disks 2.54 mm thick. 
Heavy-element impurities did not exceed a few parts 
per million. The reference blank consisted of two 
identical Al disks. The data were collected during 
about 4000 cycles of interchange of absorber and 
blank, each cycle including an interchange with an 
empty cryogenic target. After dead-time correction 
and subtraction of background and empty-target con-
tributi'ons the cross sections are given by 
o(w)= (11n)lnF0 (w)1F(w)+6o-, 	 (1) 
where F0 is the number of 2H(y,n) events in the time 
bin corresponding to w without absorber, F is the 
number of neutrons with absorber in the beam, and n 
is the number of absorber atoms per unit area. The 
correction 8o- includes the effect of air displacement 
(0.003%), geometrical in-scattering (0.04%), and pho-
ton regeneration in the absorber. We have computed 
6a- for the experimental geometry using simplified ex-
pressions for the electromagnetic cross sections and 
distributions contributing to secondary photon genera-
tion. Values are found in Table I. 
The total cross section for photon absorption by an 
atom is 
c(o) = Z5°°) (s =K,N, r,pe,coh,incoh), (2) 
where the subscripts s denote "nuclear pair," "pho-
tonuclear," "triplet," "photoelectric," "coherent 
scattering," and "incoherent scattering," respectively. 
Calculated values of what we will call 0other,  the sum 
of cross sections for all atomic processes except nu-
clear pair creation, 
Oother ((0) = O'coh + jncoh + 	+ ,, 	 (3) 
introduce uncertainties of not more than' 0.2% of 
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TABLE I. Measured total cross sections (T give pair-creation cross sections o for 238 U 
after correction by 6r for photon regeneration. Results of distorted-wave calculations,' 
multiplied by radiativeb  and screening' corrections, give cr(theor), which are compared 
with the measurements. 
Ci) Cr (TN &T Cr,, tr,,(lheor) 
(MeV) (b) (b) (b) (b) (b) 
10.000 21.023 0.294 +0.492 16.106 15.349 
±0.129 ±0.062 ±0.032 ±0.049 ±0.092 ±0.038 
20.000 26.036 +0.087 +0.087 22.931 23.656 
±0.388 ±0.068 ±0.009 ±0.006 ±0.068 ±0.059 
At 10 MeV, g,,(DWBA)=4.039x 10 - 2 MeV 2 ( ± 0.25%) (Ref.8); at 20 MeV, o,,(DWBA) 
6.119x 10 2  MeV 2 ( ± 0.25%) (Ref. 8). 
bfrad (10 MeV) = 1.01223; frad20  MeV) = 1.01134. 
cAt 10 MeV, (1— R)-0.9642; at 20 MeV, (1— R)=0.9402. 
o((o) for all Z and w of interest here. Hence from 
measurements of o- () and °N(°)  one can get 
o-,, ((0) =  a- (W) - 0-other(w) - 	 (4) 
to accuracy of a fraction of a percent. 
We report here values of cr00 MeV) and o(20 
MeV) obtained from parabolic fits to our data. The 
solid lines in Fig. 1 represent these fits. Values of 
Oother(0)) were obtained from Eq. (3) by Lagrangian 
interpolation between tabulated values.' The average 
of two sets 9.10  of measurements of the total photoneu-
tron cross section ?I was taken as a good approxima-
tion to 0N- 
CrN ( 238U) - o,, ( 238U). 	 (5) 
Double Lorentzians were fitted to the data sets—
which ended at 18 MeV—and the 10- and 20-MeV 
values from the fits were averaged (see Table I). The 
two cross-section scales are respectively 11% larger  
and smaller' ° than their average. This introduces a 
systematic uncertainty of 0.2% in our measured a, at 
10 MeV and of 0.04% at 20 MeV. The statistical un-
certainty is of the same order and has been included in 
our experimental uncertainty. Table I lists the experi-
mental values of o-,,(o). 
Using the relation 
,,frad0 - R)(r(DWBA) 	 (6) 
where had  is the Mork-Olsen radiative correction and 
1 - R is a screening factor interpolated from the 
tables,' we obtained theoretical values o(theor) 
which are given in Table!. 
The theoretical values are somewhat too small. The 
discrepancies (between the dashed lines andthe 
lozenges in Fig. 1) are —4.7% at 10 MeV and - 1.2% 
at 20 MèV. Values of a-,, calculated' with semiempiri-
cal Coulomb corrections and improved screening 
corrections, although much improved over earlier cal- 
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FIG. 1. (a) Measured electron pair-creation cross section 
o, of nalu  (circles) as a function of photon energy w, for 
18 to 22 MeV, uncorrected for photon regeneration in 
the absorber. The solid line is a parabolic fit to the data over 
the wider range 17 cv 28 MeV. The lozenge is 
o(theor) for 20 MeV, derived from the theoretical DWBA 
cross section (Ref. 8). Corrections, photon regeneration be-
ing the dominant one, give the broken line. (b) Measured 
o,,((o) of nalu  for 8 w 12 MeV. The solid line is a para-
bolic fit to the uncorrected data over the range 
7.9 cv 12.1 MeV. The lozenge is ff,,(theor) for 10 MeV 
derived from Cr,, (DWBA). The broken line includes experi-
mental corrections, mainly for photon regeneration. 
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culations, are also smaller than our uncorrected exper-
imental values by about —3.6% and —1.3%, respective-
ly. These discrepancies are consistent with what our 
measurements on elements of smaller Z showed. 4 ' 67 
The discrepancies are about 4 times the standard devi-
ation of the measurements. 
We note that in the theoretical calculations 8 a point-
like nucleus was assumed whereas the diameter of 238 U 
is about one-quarter the wavelength of a 20-MeV pho-
ton. Kosik has argued that relaxing the pointlike as-
sumption will increase o K (DWBA) somewhat. A 
small increase in the theoretical value would indeed 
improve the already good agreement with our mea-
surements at 20 MeV. There appears to be a real 
discrepancy at 10 MeV. A more refined calculation of 
o is needed. 
We are grateful to C. K. Ross for maintaining the 
computing system, and to D. Kleinbub and J. Bélanger 
for assistance during the experiment. 
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Photonuclear and atomic cross sections of 27A1 between 3 and 38 MeV 
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The total cross section for photon absorption of Al was measured for energies between 3 and 38 
MeV with a y-ray spectrometer consisting of a liquid deuterium target viewed by a photoneutron 
time-of-flight detector. Corrections to the observed total cross section for background electromag-
netic processes in the absorber were computed by a Monte Carlo method. Between 5 and 8 MeV 
where the photonuclear cross section UN is negligible and the uncertainty in the measurements is 
small, values of the atomic cross section o z calculated by others systematically exceed the mea-
sured values by 0.7%. In this energy interval UZ is mainly due to incoherent photon scattering by 
atomic electrons. Nonrelativistic atomic form factors and estimated radiative corrections used in 
calculating the tabulated incoherent scattering cross sections introduced enough uncertainty to jus-
tify decreasing Uincoh by 0.87% to bring u z  into agreement with experiment. Correcting this 
discrepancy causes the integral between 10 and 38 MeV of UN, which has a maximum value of 
about 5% of o, to increase by 18% to 500 MeVmb. We concludethat the giant dipole reso-
nance of 27A1 has a strength of 1.24 classical sum rule units. 
INTRODUCTION 
The integral over energy of the photonuclear cross 
section is the nuclear analog of the sum of the oscillator 
strengths for photon absorption by atomic electrons. In 
the atomic case the absorption strength is proportional 
to the atomic number Z. Dipole absorption associated 
with the relative motion of rigid, pointlike nucleons is 
proportional to NZ / A where N is the number of neu-
trons and A is the total number of neutrons and protons. 
It was recognized early on that the nuclear integrated 
cross section is increased by absorption associated 
with mesonic degrees of freedom, nuclear spin flips, and 
higher multipoles. Recently there has been theoretical 
clarification concerning how much of the mesonic, or ex-
change, contribution is already included in the classical 
Thomas-Rieche-Kuhn sum rule adapted to the nucleus. 
Two classes of experiment have yielded values of 1. 
One class measures every photonuclear reaction cross 
section for a given nucleus, integrates each over all solid 
angles and energies, and sums over all the reaction chan-
nels. In practice results from different laboratories have 
to be combined, with consequent uncertainties of nor -
malization. The other approach is to measure the total 
cross section for photon absorption at all energies, sub-
tract the total non-nuclear cross section, and integrate 
over energy. This prevents omission of reaction chan-
nels and avoids angular integrations and relative normal-
izations. However, since the atomic absorption is much 
stronger than the photonuclear absorption, small abso-
lute experimental or theoretical errors cause large per-
centage errors in 1. Accuracy also requires thick, uni-
form, monoisotopic absorbers, and good absorption 
geometry. Fortunately there are cases where the atomic 
cross section UZ can be measured at energies where the 
photonuclear cross section ON  is negligible, and can be  
reliably extrapolated into the region where ON  of a sin-
gle isotope contributes. This is the case with 27A1. 
The total photonuclear cross section UN(W) of an iso-
tope of the element having atomic number Z can be ob-
tained by measuring the total absorption cross section 
a (w) of the isotope for photons of energy co and sub-
tracting from it the atomic cross section crZ(co) of the 
element. The maximum value of ON(W)  is about 30 
times smaller than az(co). The measurement must be 
done with care, and oz(co) must be known precisely. At 
the present time UZ can be calculated with an uncertain-
ty of about 0.2% for light elements. Tables of UZ are 
available' for 1 < Z < 100 and .0.1 keV < a 100 GeV. 
For heavy elements the cross section values in the MeV 
energy range are known to be somewhat better than 1%. 
We have been engaged in a program at the National 
Research Council of Canada (NRC) to measure a for 
isotopes over a wide range of Z to a precision of better 
than 0.5% for co between 3 and 38 MeV by a method 2-4 
different from those previously used. 
We employed a spectrometer consisting of a liquid 
deuterium target viewed by a photoneutron time-of-flight 
detector. The spectrometer can detect y rays whose en-
ergies exceed a threshold value slightly greater than the 
2.2246-MeV binding energy of 2H. With energy resolu-
tion remaining less than 3% up to about 40 MeV, study 
can be carried out not only of the energy region of the 
giant dipole resonances where most photonuclear ab-
sorption occurs, but also below the particle threshold of 
most nuclei where the total photon cross section is 
essentially equal to UZ and can be compared with corre-
sponding theoretical values of UZ(W). 
We chose Al as a small-Z, monoisotopic element suit-
able for accurate measurements of total absorption. It 
can be obtained in very pure form and is readily 
machined into a dimensionally stable absorber, which is 
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free of voids, and inert in air. The total absorption cross 
section of Al for photons has been measured previous-
ly,57 the best known results 8 being for w greater than 
10 MeV. Some theoretical calculations have been made 9 
of the photonuclear cross section of 27  Al. Interest has 
been renewed in the integral of ON  over photon energy 
because of theoretical progress on sum rules and ex-
change forces in nuclei' 0 ' 4 and because of recent exper-
iments 2' 15-17 which have attempted to resolve discrepan-
cies between measured values of the integrated cross sec-
tions of nuclei. 
Accurate experimental values of U for 27  Al have been 
reported 18  at 6.418 and 7.646 MeV. They were obtained 
by nuclear resonance techniques and ought to be free of 
systematic errors due to in-scattering and other elec-
tromagnetic backgrounds. Values of a- were found 
which are smaller than o z calculated' by Hubbell, 
Gimm, and øverbv by slightly more than the uncertain-
ty in o z estimated' 9 by Gimm and Hubbell. In two 
separate experiments 2,4  we have measured a(a) for Al 
with precision, accuracy, and repeatability comparable 
to the theoretical uncertainty in a-Z•  In the second ex-
periment the Al absorber was of the same dimensions as 
a single crystal Si absorber whose mass was measured 20 
at the same time with the same apparatus;- The Si densi-
ty agreed to within one part in 10 with the accepted 
value for p(Si) which is uncertain by a few parts in 10 6 . 
We believe that uncertainty in p(Al) of the new absorber 
is about 1 part in i0 5 . . The same value of p(Al), with an 
uncertainty of 0.3%, had been obtained for the old ab-
sorber. To obtain 0.1% uncertainty in ci we need only 
about 1 part in 10 uncertainty in the mass per unit area, 
which unlike p does not required measurement of the ab-
sorber length. The repeatability of the experiment indi-
cates that this was certainly achieved in the first experi-
ment also. We report here the combined results of both 
experiments, combined according to statistical weights, 
and corrected by about 0.2% to account for electromag-
netic background effects not previously included. These 
corrections were computed 21,22  using a Monte Carlo pro-
gram 22  written by Ahrens. The uncertainty in our ex-
perimental data between 4 and 12 MeV is comparable to 
that of the values of a-Z  calculated from theory in this 
energy region. A serious test- of the tabulated values' is 
therefore possible in this case of small Z. We find the 
agreement very good between 5 and 8 MeY. We have 
corrected the incoherent contribution to 0Z  by 0.87% 
before using calculated values of 0'Z  to extract photonu-
clear cross section values from our measurements of ci at 
higher energies. 
EXPERIMENTAL 
The experiment consisted of measurement of the ratio 
of photon flux F transmitted by an Al absorber to the 
flux 'F0 incident on it. The relation 
F(a)=F0 (co)e°°' 	 (1) 
gives the absolute value 'of a(u). when the number n of 
atoms per unit area of the absorber is known accurately. 
Photons were observed by detecting photoneutrons they 
produced by the 2H(y,n) reaction in a liquid deuterium 
(LD 2 ) target behind the absorber. The energy of a pho-
ton was found by measuring the flight time of the pho-
toneutron it ejected from the LD 2 target. The absorber 
was periodically inserted in a beam of pulsed brems-
strahlung produced in a radiator exposed to 42 MeV 
electrons from the NRC linac. The time-of-flight (TOF) 
resolution was 0.3 ns/m. The entire photon energy in-
terval of 3 < co < 38 MeV was covered in each measure-
ment, with energy resolution of 0.36 01o. < Ico/w < 3.2%. 
The LD 2/TOF spectrometer and the experimental 
techniques have been described before. 2,3  One-quarter of 
the present data were reported in Ref. 2. The counting 
statistics were doubled 23  by Sherman. Using a new ab-
sorber, Sherman and Davidson repeated the experiment. 
They reported  the new data combined with the first set 
of measurements. In the present work the data 2,4  have 
been reanalyzed and additional small corrections have 
been applied to the complete ensemble of Al data. 
Photoneutron flight time was measured by starting a 
time-to-digital converter (TDC) on the bremsstrahlung 
pulse and stopping it on the neutron recoil in the detec-
tor. The TDC was calibrated as described earlier  using 
sharp absorption resonances in the 12C(n,n') reaction. 
At intervals, a graphite absorber was placed in the flight 
path between the LD 2 target and the neutron detector. 
Data from each calibration was fitted by least squares to 
the absorption resonances. The o(co) for Al of Sherman, 
Ross, and Lokan were weighted averages at each co of ci 
from many measurements individually calibrated from 
12 C resonances located to within 0.5 channel (2.2 ns) pri-
or to the least squares fit. 2 In order to combine the new  
and old  Al data, all the calibration runs have been 
reanalyzed. Distinctive features in the 12C cross 
section—six major resonances, and one sharp minimum 
at 3010 keY—were located with a precision of about 
±0.05 channel by fitting them to Gaussian shapes. The 
least squares fit, was then repeated to verify the TDC 
slope. The 12C(n,n') features extended over about 500 
time channels of the 1024 channels available, and over a 
neutron energy range of 2 to 8 MeV. The calibrated re-
gion was enlarged to about 600 channels by introducing 
a large delay in the "stop" line carrying detector signals 
to the TDC. No significant deviation from linearity was 
detected. 
The slope of the TDC calibration curve was found to 
be essentially constant from run to run and extremely 
linear (see Table II of Ref. 2). 
The position of an absorption line varied by no more 
than one or two channels over periods exceeding six 
months. We assumed that the TDC slope was the same 
for all runs. From each calibration run the change in in-
tercept was computed by which the corresponding ab-
sorption data set had to be shifted to line up with all the 
other data sets. The first and second halves of the data 
were treated as being from different experiments, since 
different absorbers were used. The corresponding data 
sets were added separately together and cross section 
values were obtained from them. The two sets of cross 
section values agreed within statistical uncertainty. 
Between 5 and 8 MeV the first cross section data set 
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TABLE I. The parameters a1 ,b,c1 of a second order polyno-
mial fit [Eq. (1)] to the raw cross section data are listed for the 
results of Experiment 1 [Al data of Ref. 2 plus data taken by 
Sherman with the same absorber (see Ref. 4)] (1 = 1) and Experi-
ment 2 [Data taken with new absorber by Sherman and David-
son (see Ref. 4)] (i =2). 
a, (mb) 	b (mb/MeV) 	c, (mb/MeV 2 ) 
1888±78 	172.9±23.1 	9.06±1.70 
2 	1777±78 136.2±23.1 6.18±1.70 
(i = 1) and second set (1 = 2) can be fitted by second or-
der polynomials: 
	
a(o)=a1 -b 1 o+c1 o 2, 1=1,2. 	 (2) 
Table I lists the values of the parameters for each case. 
When the second fitted curve is subtracted from the first, 
we obtain the average discrepancy 
zu(a)=(1l2±l10)-(36.6±32.6)o 
+(2.88±2.40)w 2 mb, 
which shows that the functional forms of the two fits are 
very similar. 
The two values at each w were weighted according to 
statistics and, combined to form a weighted average, the 
result  was corrected for air displacement and geometri-
cal in-scattering; New corrections calculated by a 
Monte Carlo method have now been applied to the ob-
served cross section to compensate for in-scattering and 
other background effects. These will be described below. 
It was noted that some uncertainty in w arises from 
uncertainty in 0, the angle of neutron detection relative 
to the direction of the incident photons, which was es-
timated to be about ±2°. Since then, 0 has been mea-
sured carefully. We reexamine two effects here: (i) the 
spread in w due to the finite solid angle subtended by the 
neutron detector at the LD 2 target, and (ii) the magni-
tude of uncorrected systematic error in our previous 
measurements due to a small departure of the angle of 
observation from 90 ° . 
The photon energy can be expressed 24  in terms of the 
observed photoneutron kinetic energy T. and its ob-
served angle of emission 0: 
- 	T[1+(m-B)/m]+B[l-B/2m} 
(3) 
where in,,, m P are the rest mass energies of the neutron 
and proton and B is the neutron separation energy of the 
deuteron (2.2246 MeV). 
For small T,, the denominator D (T,,, 0) is nearly in-
dependent of cos0: 
D(0)1-B/m . 	 (4) 
The largest T,, in this experiment is about 20 MeV, for 
which 
D ( 20, 0) =0. 9763 +0. 2077 cos0 
The neutron detector subtended a total angle of about 
0.45° at the LD 2 target. The relative energy spread 
&./co introduced by i0 of ±0.225° is ±0.096% at 42 
MeV decreasing to ±0.066% at 22 MeV (where Aw is 
±14 keY). This is much smaller than the uncertainty in 
co introduced by the time-of-flight resolution, and can be 
neglected. 
The departure from 90° of the angle between the pho-
ton beam axis and the center of the neutron detector was 
measured 25  with a laser beam and an accurate prism. 
The detection angle was found to be 90.12*, so that 
cosO= -2.086x 10-3 . The slight discrepancy from 90° 
requires that co be increased by 0.04% at 42 MeV-that 
is, by 19 keY-from the value obtained when 0 was as-
sumed to be exactly 90°. For 10-MeY photons this sys-
tematic correction is +2 keY. This correction has also 
been neglected. 
The values of co listed in Table II have been corrected 
as in Ref. 2 for small systematic discrepancies between 
the neutron energies given by the least square fit to the 
calibration data and the accepted values. 26,27 
The observed cross section is slightly smaller than the 
true value of o(w). This discrepancy arises from the ex-
perimental geometry, from regeneration of photons in 
the absorber, and from scattering of secondary photons 
and electrons (which may reradiate) into the detection 
solid angle The discrepancy can be minimized by hav-
ing a very small detection solid angle, a parallel beam of 
TABLE II. Corrections 6(co) to the observed values of the total absorption cross section are listed for photon energies Co between 
4 and 8 MeV where the photonuclear cross section is negligible. The corrections 6 for air displacement, 6 for geometrical in-
scattering, and 6, for other background processes are shown as percentages of CTZ(Co), the calculated atomic cross section (Ref. 1). 
The discrepancies e,(co) between the corrected experimental values u(co) and Uz() are also shown. 
Co (MeV) 	6a/aZ (%) 	6s /Z (%) 	 6b/az (%) 	6 (mb) 	or (mb) 	UZ (mb) 	E0 (mb) 
4 	 0.0465 0. 120a 0200b +5.1 . 	 (1366±6') 1392±3 (-26) 
5 0.046 0. 125a 0190b +4.6 1264±14" 1271±2.5 -7.4 
6 	 0.0455 0.130° 0. l8ob +4.2 1181±13" 1190±2 -8.8 
7 0.045 0.134a 0171b +4.0 1126±13" 1133±2 -7.0 
8 	 0.044 0.139° 0161b +3.8 1083±12" 1092±2 -8.2 
'Average for the two data sets calculated by the method of Ref. 2. 
b 8 °6MC6s, where 6MC  is the background correction found by Monte Carlo calculations. 
'Statistical uncertainty in the observed value at 4.013 MeV. 
dUncertainty  in value derived from a polynomial fit to the data between 5.5 and 8 MeV. 
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FIG. I. The weighted averages of measurements of the total cross section of Al for absorption of photons are plotted (solid circles) 
vs photon energy. The error bars represent one standard deviation due to counting statistics. The crosses represent values of the atom-
ic cross section listed in Ref. 1. The area bounded by the circles and the broken line is due to nuclear absorption. 
incident photons, good collimation of the incident and 
transmitted beams, and diameters of the photon beam 
and absorber closely matched to the target diameter. In 
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FIG. 2. The fraction MC/UZ of the atomic cross section or z  
by which the observed absorption cross section must be in-
creased to correct for in-scattering and regeneration of photons 
is shown as a function of the fractional photon energy co/we for 
a maximum photon energy co o of 40 MeV. The correction 8 mc 
was calculated by a Monte Carlo method using an approxima-
tion to the actual experimental geometry. For co /trn <0.55, the 
solid curve, a polynomial fit to the computed points was used. 
It has been extrapolated (dashed curve) beyond co 1w0 ~! 0.7 ig-
noring the highest energy point. The dashed-dotted curve 
represents the relative contribution 8, /orz due to geometrical 
in-scattering. 
Although other experiments8! 28 have - had better 
geometry, the geometrical effects on the present results 
are still only fractions of a percent and have been 
corrected for. Good geometry allows most of the pho-
tons scattered forward after Compton interactions to 
avoid . detection. The remaining "geometric in-
scattering" is easily calculated 2 ' 29 and corrected for. 
The results for Al are shown in Fig. 1. 
The Al absorber used in the first experiment was 178 
mm long, and was 200 mm long in the second. In both 
cases the absorber was situated approximately midway 
between the radiator and the LD 2 target. The midplane 
of the target was 2.56 m from the radiator. In the first 
experiment the absorber was 53 mm in diameter-
considerably larger than necessary to occult the 47-mm 
diameter LD 2 target. Photons initially directed outside 
the solid angle subtended by the target at the radiator 
could illuminate almost the entire cross section of the 
absorber at the end closest to the target. This penumbra 
was possible because of the finite size of the beam spot. 
A small fraction of the misdirected photons could be 
scattered by the Gray-Compton effect, into the LD 2 
thereby reducing the observed cross section by an 
amount 6. The solid angle subtended by the absorber at 
the target was used in calculating 6, in this case. In the 
second experiment the Al absorber was 35 mm in diame-
ter. It was held by four hollow Al cylinders 53 mm in 
diameter and 25 mm long, equally spaced. This approxi-
mately halved the thickness of Al traversed by misdirect-
ed photons. When calculating 6, for the second experi-
ment, we therefore assumed that the diameter of the 
LD 2 target established the in-scattering solid angle. 'The 
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values of E, in Table II are an average of the two, very 
similar, sets of values. 
To correct for rescattering and regeneration of pho-
tons is not straightforward. 17,30,31 Phenomena to be con-
sidered include radiation by the electron or positron of a 
pair created by absorption of an incident photon, annihi-
lation in flight of the positron of a pair, radiation by a 
photoelectron or Compton electron produced in the ab-
sorber, rescattering into the detection solid angle of a 
photon scattered out of it, etc. Monte Carlo techniques 
can be used to simulate production of secondary photons 
in a specified experimental arrangement. 
A hybrid computing routine has been written 22 which 
combines Monte Carlo features with analytical approxi-
mations of physical processes such as multiple scattering 
of electrons and energy partitions between the electron 
and positron in pair creation. This program assumes 
that the photon beam, the collimator apertures, the ab-
sorber, the target, and the radiator are square in cross 
section, whereas the present experiment exhibited cylin-
drical symmetry about the beam axis. Using this pro-
gram we have calculated the corrections for background 
processes assuming square shapes of the same areas as 
the actual circular shapes. The corrections are small, so 
this departure from reality should be of little conse-
quence. 
Figure 2 shows the percentage discrepancy 8MC/Z  to 
be expected between the observed atomic cross section 
and its true value, calculated for the experimental 
geometry by the hybrid Monte Carlo technique. The 
calculations were performed for a maximum photon en-
ergy (00 of 40 MeV rather than (41.4±1.6) MeV corre-
sponding to the maximum electron energy E0 of about 
42 MeV actually used. The effect of this difference is 
negligible. Over the fractional energy range 
0.05 < w Iwo < 0.55 the solid curve, a five-parameter fit to 
the calculated discrepancies 8 mcloz, was used. For 
&1wo>0.8 the fitted curve departs from physical reality 
because of the effect of the highest energy value of 8 mc 
which is too small because of a computational detail as-
sociated with the vanishing of the bremsstrahlung spec-
trum at W/W= 1. The geometrical, Compton in- 
scattering does not vanish at high energy-rather, 6 is 
constant. Since o z  for Al is nearly constant between 20 
and 40 MeV, 6S /crZ is also approximately constant. It 
decreases for w/o 0 <0.4 because oz increases rapidly as 
w decreases. This contribution to the reduction of the 
observed cross section is indicated by the dashed-dotted 
curve. We have neglected the highest energy computed 
point and have extrapolated (dashed curves) the total rel-
ative discrepancy 8MC/UZ through the five other com-
puted points having a/o0~!0.7 so as to be parallel to 
the trend of 6 1Z.  The dashed, and solid curves have 
been joined smoothly over the interval 
0.55<w/wo:!~ 0.75. One sees that at 36 MeV the simple 
geometrical prescription  for 6, /uZ accounts for 89% of 
the apparent reduction-by 0.17%-of the observed 
cross section by all background processes. For energies 
less than 25 MeV, however, other processes are 
significant. At 10 MeV they contribute equally to the 
total reduction which is 0.29%. At the lowest energies 
the other processes dominate in the apparent reduction 
of UZ by about 0.32%. 
Table III compares the geometrical corrections 6 
previously applied to the observed cross section values, 
with the complete corrections 8 mclo z calculated by the 
hybrid Monte. Carlo method. The amounts (o)) by 
which the Al cross sections reported earlier need to be 
increased are also listed. Between 13 and 38 MeV the 
effect of these corrections is to increase the integrated 
cross section by 
10.3 MeVmb. 
where i = 13 to 38 labels the correction for each 1-MeV 
interval 6 . 
The air displacement correction, originally  taken to 
be constant and equal to 0.5 mb, in fact decreases slowly 
with increasing energy from 0.38 mb at 13 MeV to 0.32 
mb at 38 MeV (independent of absorber length). The in-
tegrated cross section has been reduced by 3.8 MeVmb 
to correct for this. 
The measured photonuclear cross section integrated 
from 13 to 38 MeV is, through these improvements, in- 
TABLE III. Variation with photon energy co of the additional corrections Ao , to be made to the 
values of the total cross section of Al reported in Ref. 4 which were corrected by + 1.49 mb for 6, 
the apparent reduction caused by geometric in-scattering, and by + 0.5 mb for 8, the air displace-
ment effect. The apparent reduction 8MC  due to in-scattering, calculated by a Monte Carlo method, is 
shown as a percentage of the atomic cross section Uz. 
co (MeV) 	 o (b) 	8, /az (%) 	 8Mc/0'z (%) 	 ia (mb) 
4 1392 0.107a . 	 0.320 +2.96 
8 1092 0 . 136a 0.300 1.79 
12 1008 0.148 0.265 1.18 
16 978.8 	. 0.152 0.233 ' 	 0.79 
20 971.4 0.153 0.210 0.55 
24 973.3 0.153 0.190 0.36 
28 . 	 979.7 0.152 0.175 0.22 
32 988.6 0.151 0.168 0.17 
36 998.3 0.150 ' 	 0.167 0.17 
40 1008 0.148 0.166 	, +0.18 
'The average values of 8 in Table II are slightly different. 
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creased by about 2% over the value reported previous-
ly. 4 Note that Ref. 4 contains a misprint: Although the 
reported value of 100TRK  was correct for the integrat-
ed cross section expressed in terms of the nuclear 
Thomas-Rieche-Kuhn sum rule, the equivalent in 
MeV mb should have been (404±66). This value be-
comes (410±56) MeV mb when the additional correc-
tions are applied. In sum rule units this is (1.02±0.14) 
X XTRK,  where 
TRK=(21rel/Mc)(NZ/A) , 	 (5) 
and e is the charge of the proton, A is Planck's constant 
divided by 21r, M is the mass of a nucleon, N is the neu-
tron number of the absorbing nucleus, and A is the 
number of nucleons. We have used the value 59.74 
MeV mb for the constant factor multiplying NZ / A. 
The above is still not our final value, however. Table 
II shows a small systematic discrepancy of about 8 mb 
between the tabulated values of üZ and our corrected 
measurements, which are smaller. We have modified 
o, as described in the next section, . to remove the 
discrepancy before extracting the total photonuclear 
cross section. 
RESULTS 
The measured total cross section for photon absorp-
tion by Al is shown in Fig. 1 for energies between 3 and 
38 MeV. The solid circles are weighted average values 
of o- (o). The error bars indicate the standard deviations 
of the points due to counting statistics. The crosses are 
values of the atomic cross section tabulated' by Hubbell, 
Gimm, and øverb. The area between the broken line 
and the data points is due to absorption by the Al nu-
cleus. 
Figure 3 shows the low energy region in more detail. 
Weighted average values of the measured u(a), shown 
as solid circles, have been corrected for air displacement, 
in-scattering, and photon regeneration. The solid curve 
is a least squares fit by a second order polynomial to the 
data points. Over the interval 5 MeV < co <8 MeV the 
calculated values of crZ(co) from Ref. 1 are well fitted by 
the third order polynomial 
uz(co)=(2354±41)—(364.6±l9.3)w 
+(36.08±2.87 )CO2 _ (  1.28±0.14  )(03  mb 
This is plotted as the dashed curve in Figure 3. The ex-
perimental data between 5.5 and 8 MeV are well fitted 
by a second order polynomial, allowing the measured to-
tal cross section to be written as 
o(w)=( 1822±56)—(151.6±16.5)o) 
+(7.41±1.21)co 2 +(co) mb 
where (co) corrects for air displacement, in-scattering, 
and photon regeneration. 
A good second order fit to OZ(CO) can also be ob-
tained, which has similar parameters to the expansion of 
1.25 - 
1.20 
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FIG. 3. For low energies, weighted average values of the mea-
sured Al total cross section (solid circles) are compared with 
atomic cross section values from Ref. 1. The open circles are the 
result of resonance fluorescence measurements (Ref. 18). The 
solid curve is a least squares fit by a second order polynomial to 
the data points, subsequently corrected for air displacement, in-
scattering, and photon regeneration. The broken line is a third 
order.fit to the tabulated values of az(w). 
The discrepancy at low energies between o(w) and 
UZ(co) can therefore be written 
e((o)= 156.3-34. 15co 2 —MC(co) mb 
where the slowly varying air displacement correction & 
of about 0.5 mb has been incorporated into the constant 
term and 8MC  is the remaining correction approximat-
ed 22 by Monte Carlo methods. Some values of e(co) are 
listed in Table II. The calculated values of az(co) lie on 
the average about 8 mb above the experimental values of 
u(w) for co between 5, and 8 MeV. 
When the photon energy is less than the lowest parti-
cle separation energy, which for 27 Al is the photoproton 
threshold at 8.2709 MeV, the only decay channel avail-
able for nuclear de-excitation is y ray decay. The intrin-
sic widths of y ray lines are very small and will be 
Doppler broadened to only a few electron volts, whereas 
the LD 2/TOF spectrometer resolution is tens of keY in 
this energy region. Observation of discrete transitions is 
thus not likely. The average cross section for photoab-
sorption by the nucleus is also expected to be very small. 
To a good approximation we expect that the measure-
ments of u(co) up to 8 MeV are measur,nents of uz(co). 
Any finite nuclear contribution would in fact increase 
the discrepancy mentioned above. 
Between 5 and 8 MeV, therefore, we find that the 
values of oz(w) tabulated in Ref. 1 are systematically 
0.7% larger than our measured values. Does the 
method of calculation of oz leave room for a discrepan-
cy as large as 1%? We recall that at a given energy in 
the range of interest 
cJZ °R +aoc+cl pe +a t +crK , 	 (6) 
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TABLE IV. Summary of uncertainties in the measured total absorption cross section a, integrated 
photonuclear cross section 1, and photon energy co introduced by properties of the absorber, experi-
mental factors, and corrections. See Refs. 2,3, 17, and 32 for further details. 
Uncertainty Uncertainty 	Uncertainty 








47.86 ±0.10 g/cm 2 	±0.14% 	±4% 
53.78 ±0.11 g/cm 2 
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at 5 MeV 


















TDC linearity 	±30 keY 	 ±0.02% at 
before 	 10 MeV 
correction 
ing, Gray-Compton (incoherent) scattering, photoelectric 
effect, triplet (pair creation on an atomic electron), and 
pair creation on the nucleus,, respectively. Between 5 
and 8 MeY aR and ope  are completely negligible, while 
UGC accounts for about 80% of crz. Both cy and aK 
are believed to be uncertain by less than 1%. The form-
er rises from about 4 mb to only 11 mb over the energy 
interval, and can therefore be ruled out as a source of 
the discrepancy. Similarly, it would require 3% or 4% 
errors in 0K to alter o Z by 1%. Such large errors ap-
pear unlikely since at 5 MeV the Coulomb correction is 
exact and proper relativistic form factors were used in 
the calculations. On the other hand, an error of only 
0.87% in UGC suffices to explain the discrepancy. 
Indeed, a nonrelativistic Hartree-Fock incoherent 
scattering function was used by Hubbell et al. Further-
more the radiative correction was extrapolated in an ad 
hoc fashion. We therefore assume that OGC is overes- 
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timated, and everywhere by the same percentage. 
Between 15 and 30 MeV the atomic cross section of 
Al is constant to within ± 1%. The fraction UGC  lo,  Z  de-
clines from 55% at 13 MeV, to 35% at 24 MeV, to 28% 
at 38 MeV. It is straightforward to correct the integrat-
ed photonuclear cross section for the overestimate in 
oz. The correction is considerable, namely, 90 MeV-
mb, which increases by 18%. It also lowers the ener-
gy at which ON is seen to begin to contribute, from 13 
MeV observed from the raw data, down to about 10 
MeV. We estimate that the uncertainty in the correc-
tion to the integral can be as much as 50%, so the final 
result is - 
38 MeV 
J 	a(a)dco=(500±65) MeVmb 10 
when the uncertainties summarized in Table IV are add-
ed in quadrature. 
CONCLUSIONS 
Our result for the integrated photonuclear cross sec-
tion of 27  Al up to 38 MeV is (1.24±0.16) TRK. The 
Mainz group  found 739 MeVmb (±2.6%) for the in-
tegral of ON  up to 100 MeV. In units of the classical 
SUM TRK this is 1. 83±005. Their Fig. 11 gives a value 
of 1.15 for the integral up to 35 MeV. From the inset - to 
their Fig. 6 we estimate 1. 18±0.04 for Y, up to 38 MeV. 
The 5% discrepancy between the Ottawa and Mainz 
values of (Al) is consistent with the uncertainties in the 
two measurements. The small uncertainty in crz quoted 
by the Mainz group, namely, 0.1%, may seem incon-
sistent with the 1% uncertainty suggested even by the 
authors of more recent, improved tables of atomic cross 
sections.' However, the Mainz group adjusted the old  
values of o z for light elements partly on the basis of 
comparisons with their measurements of absorption by 
heavy elements. The good agreement between the two 
experiments occurs when the present data are extracted 
using a slightly renormalized incoherent scattering cross 
section for Al. 
We conclude that the evidence is firm for 20% more 
photon absorption in the giant dipole resonance of 27  Al 
than predicted by the classical dipole sum rule. Electric 
quadrupole, magnetic dipole, and mesonic absorp-
tion 10 can account for it. 
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Measurements of the tritium beta end-point energy in tritium-implanted Si (Li) detectors are discussed in the light of 
current interest in the 3 H_ 3  He atomic mass difference. The role of radiation damage is crucial in assessing such measure-
ments. The discussion is illustrated by a new measurement of the end-point energy in an implanted Si (Li) detector, giving 
a value 18594 eV with a statistical error of ±4 eV and an estimated systematic uncertainty of ±25 eV. 
In a recent letter to this Journal, Smith et al. [1] 
have re-evaluated Smith's measurements of the 3 H- 3 He 
atomic mass difference, obtaining a value 18573 ± 7eV. 
They have compared this value to three careful measure-
ments of the end-point of the tritium beta spectrum, 
viz, those of Bergkvist [2], Tretyakov et al. [3], and 
Simpson [4]. We wish to comment on this comparison. 
The end-point energy measured by Bergkvist [2] in 
a magietic spectrometer is 18610 ± 16 eV. To deter-
mine the 3 H-3 He atomic mass difference Bergkvist has 
taken into account the average excitation of the 3 He'' 
ion following beta decay. His average correction to the 
end-point energy is 41 eV, and his value for the He 
mass difference therefore is 18651 ± 16 eV. However, 
Tretyakov et al. [3] have analyzed their data in terms 
of two branches with end points E0 and E0 - 43 eV. 
Their best value for E0 is 18575 ± 13 eV Clearly 
one should not add 41 eV to this value, as suggested 
by Smith et al. [1], but only the difference between 
the binding energies of the 3 He ion and the neutral 
3 He atom in their ground states, viz. 24 eV. If one also 
corrects for recoil energy, the total correction is about 
1 Present address: Department of Physics, Swarthmore Col-
lege, Swarthmore, PA 19081, USA. 
*1 This is the 1976 value; the 1980 value appears to be 18578 
eV, but no error is given. 
27 eV. The best value for the 3 H-3 He atomic mass dif-
ference derived from the published Russian results there-
fore seems to be 18602 ± 13 eV. The cause of the dis-
crepancy between this value and that of Bergkvist is 
not known, but at least part of it may arise from the 
calibration energies used. If one uses the recent values 
for 'y-rays in 169 Tm and 170 Yb measured by Kessler 
et al. [5], it appears that Bergkvist's calibration should 
be corrected down by about 6 eV, while that of Trety-
akov et al. should be corrected up by about 12 eV. Thus 
the discrepancy between the magnetic spectrometer 
results may be reduced from about 49 eV to about 31 
eV. There is also the possibility of somewhat different 
molecular effects in the two experiments. 
Simpson's [4] measurement was performed with a 
tritium-implanted Si (Li) detector, for which no correc-
tion for atomic excitation is thought to be required. 
His value for the end-point energy, and therefore of 
the 3 H-3 He atomic mass difference, is 18567 ± 5 eV. 
In Simpson's very careful work there is still, however, 
some difficulty in assessing the effects of radiation 
damage, and it is to this problem that we address our 
further comments. 
The implantation of tritium into silicon detectors 
has the obvious advantages of 47r geometry and elimi-
nation of target absorption effects. By masking the 
0 031-9163/82/0000-0000/S 02.75 9 1982 North-Holland 
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edges of the detector during implantation, and implant-
ing to a minimum depth, one can avoid all possible edge 
effects which might distort the spectrum. The major 
disadvantage of the implantation method is that the in-
coming tritons produce permanent radiation damage, 
which is manifested in the trapping of the charge carriers. 
Since the pulse height is composed of an electron and a 
hole component, the magnitudes of each depending on 
the distance the carrier travels in the detector, it is clear 
that the traps will cause pulse-height defects which de-
pend on the point of origin of the carriers. The average 
pulse-height defect for an external source of X- or 7-rays 
will depend on the penetration into the detector, and 
therefore on the energy of the incident radiation. Hence 
an energy calibration determined with external X-ray 
sources will not necessarily be appropriate for the tri-
tium betas. 
In an attempt to assess the effects of radiation damage 
we have made measurements with a Si (Li) detector for 
which uniform implantation had taken place over an 
area defined by a semicircular aperture of radius 2.5 mm. 
We determined energy calibrations by directing a colli-
mated 7-ray beam from a 57 Co source normally onto 
implanted and non-implanted parts of the detector face 
in turn, with a beam diameter, including penumbra, of 
about 1.3 mm at the face. 
Implantation was carried out at the McMaster Univer-
sity Tandem Accelerator using beam energies between 
9 and 17 MeV. The total tritium decay counting rate 
was about 60 1,  corresponding to about 3.3 X 1010 
tritons implanted into an area of about 0.1 cm 2 . The 
implantations were carried out at room temperature, 
since in Simpson's previous experiment it was found 
necessary to anneal out the damage after implantation 
at liquid-nitrogen temperature. 
Energy calibrations for the implanted and the non-
implanted parts of the detector were determined using 
the following energies: 14.4130 keV (a 7-ray following 
the decay of 57Co) and 21.1228 keV (a weighted average 
of the Kai  and K 2 X-ray lines of Pd excited by the -y-
rays  of the 57 Co source). It was found that the implanted 
region has a pulse-height defect of about 151 eV at 14.4 
keV and about 140 eV at 21.1 keV. The two different 
energy calibrations were then used in the analysis of 
the beta spectra to obtain the end-point energies. During 
both the calibration runs and the beta-spectrum runs, 
two-point stabilization was carried out using as reference 
peaks the 5.9 keV Ka  lines of Mn produced in an 55 Fe 
Table 1 
Extrapolated end-point energies from analyses [61 of the beta 
spectra from 11 to 17 keV, using a gaussian response with fwhm 
of 350 eV. The x2  per degree of freedom is the same for the 
two calibrations. 
Run 	End-point energy 	x, 	End-point energy 
using calibration using calibration for 
for implanted region 	 non-implanted region 
(eV) 	 (eV) 
18591 ± 9 1.02 18444 ± 	9 
18585 ± 9 0.94 18438 ± 	9 
18594± 9 0.94 18446± 	9 
18603 ± 10 1.07 18455 ± 10 
18596 ± 9 1.17 18448 ± 	9 
av. 18594 ± 4 	 av. 18446 ± 4 
source, and a highly stable peak from an electronic pulser 
(Berkeley Nucleonics Corp. PB-4) set above the end 
point. The 55  Fe source was not collimated and was 
simply taped in a fixed position at the front of the de-
tector. Its backing was thin enough to allow the passage 
of the 14.4 keV 7-ray. It was also necessary to absorb 
out X-rays at 6.4 keV from the 57 Co source which 
would otherwise have affected the stabilization. Only 
that part of the beta spectrum lying well above the 5.9 
keV peak (in fact 11-17 keV) was used in the analysis. 
By choosing the stabilization reference peaks to be dif-
ferent than the energy calibration peaks, it was thus 
possible to obtain the upper part of the beta spectrum 
undistorted, as well as to obtain an energy calibration 
over a restricted region so that effects due to non-lin-
earities in the system (including those due to damage) 
would not become too large. 
The results of a series of five runs for the beta end 
point are shown in table 1. In the analysis of the beta 
spectrum a gaussian response function with a fwhm of 
350 eV was used. The results of the five runs are in 
agreement with one another within the individual errors, 
and the average value, using the calibration for the im-
planted part, is 18594 ± 4eV, where the error given is 
statistical only *2  However, if one uses the energy cali-
bration for the non-implanted part, the final result for 
the end point is 18446 ± 4, which is about 148 eV too 
*2 These results are not strongly dependent on the response 
width; the apparent end-point energies increase by about 
3 eV if the fwhm is reduced from 350 to 235 eV in the 
analysis of the beta spectrum. 
266 
Volume 10813, number 4,5 	 PHYSICS LETTERS 	 28 January 1982 
low. The difference in the end point using the two cali-
brations demonstrates the necessity of careful collima-
tion of the external X- or 'y-ray sources used for the 
energy calibration. Since the edges of the detector are 
deliberately masked during implantation, they must also 
be completely excluded during the energy calibration. 
If this precaution is not taken, the apparent beta end-
point energy will almost certainly be too low. 
-The crux of the radiation damage problem is that 
the energy calibration established for the implanted 
part of the detector, using external 7-rays, itself may 
not be correct for internal betas. More specifically, 
the centroid of the response function for external -y- 
rays may differ from the centroid for internal betas of 
the same energy. Such centroid shifts may or may not 
be accompanied by different shapes of the response 
functions, but for the purpose of energy calibration at 
the present level of accuracy we need be concerned 
only with the centroids and not with higher moments 
of the response functions. For example, if in the anal-
ysis of the beta spectrum, one adds to the single gauss-
ian representing the beta response function a second 
gaussian 150 eV below the first, with one-tenth the am-
plitude and the same fwhm, the apparent end-point is 
shifted up by about 13 eV. This shift is almost entirely 
accounted for by the shift in the centroid of the assumed 
response function; what has happened is that the pro-
gram has redistributed enough counts to higher energies 
to change the effective energy scale for betas by an 
amount roughly equal to the centroid shift. 
To estimate the uncertainty in the end-point energy 
arising from the radiation damage, it is then sufficient to 
estimate the difference in the centroids of the response 
functions for internal betas and for external 7-rays of 
the same energy. Consider a simple model which will 
serve to estimate the magnitude of this effect. We sup-
pose the damage is confined to the end of the triton 
track, and that the trapping sites are confined to a nar-
row layer at a depth a in a detector of thickness d. For 
a normal pulse height of €0,  let the contribution to the 
pulse-height defect due to electron carriers passing 
through this layer to the back be denoted by coke(' 
- aid), and the contribution due to hole carriers pass-
ing through and being collected at the front surface 
by eOkha/d. For betas the centroid is shifted down by 
approximatelye j  [(1 - a/d) + kha/d]. For 7-rays 
the centroid is shifted down by approximately 
e — pa 	 e" - e' 
co 	 1- 	 kha/d). ke(l—a/d) 
1 —e' - e 
Here the two terms give the contributions respectively 
for trapping of electron carriers produced in the front 
region (<a) and for trapping of the hole carriers pro-
duced in the back region (>a). 
In the present detector we have an average implanta-
tion depth of about a = 0.4 mm, a thickness d = 3.0 min 
and ji = 1.27 mm at 18.6 keV. We find that approx-
imately 41% of the 7-ray interactions at 18.6 keV take 
place in the front region, and 59% in the back. If we 
now make the approximation that kh = ke , and equate 
the 18.6 keV 7-ray centroid shift to 145 eV, we find 
coke = 336 eV. The beta centroid at 18.6 keV is shifted 
down by about 168 eV. The 7-ray shift is taken care 
of in the energy calibration, but if we do not allow for 
the additional shift of 23 eV for the betas, the apparent 
end-point will be 23 eV too low. A similar analysis for 
the extreme assumption k e  = 0 gives the beta end-point 
23 eV above the 7-ray, and for the other extreme as-
sumption, kh = 0, the beta end-point 33 eV lower than 
the 7-ray. These extreme cases are unlikely, and we be-
lieve that the systematic uncertainty in the end-point 
energy from the radiation damage can be reasonably 
represented by ±25 eV. 
It is difficult to estimate the uncertainty from dam-
age in Simpson's measurement [41  of the end-point 
energy. His detector was implanted at liquid-nitrogen 
temperature, and when it was annealed at room tem-
perature, the end-point energy (relative to a calibration 
with X-rays) shifted up by about 65 eV, and the resolu-
tion appeared to return to its preimplantation quality. 
Simpson therefore concluded that his end-point energy 
might conceivably be low, but "probably only by an 
amount small compared to the change that occurred as 
a result of annealing". However, judging by the amount 
of damage left in the present detector after implantation 
at room temperature, we believe that annealing at room 
temperature is incomplete and that a more realistic esti-
mate of his end-point uncertainty would be ±20 eV. 
Shifts of this magnitude would not necessarily be appar-
ent by examining the resolution function, which at 18 
keV had a fwhm of about 300 eV. 
Further work is desirable on all of the experimental 
determinations of the 3 H-3 He mass difference in order 
to reduce the remaining discrepancies among them. 
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Tritium implanted Si(Li) detectors suffer from the effects of radiation damage during the implantation. These effects are 
manifested as a pulse height defect and as a broadening of the response function, and thus cause problems in the determination of the 
tritium beta end-point energy and in the determination of the electron antineutrino mass from the shape of the spectrum near the end 
point. We use simple models of the trapping of charge carriers to illustrate some of these problems. 
1. Introduction 
The measurement of beta end-point energies and 
spectrum shapes in implanted silicon detectors has the 
advantages that the geometry is 4?r, so that relatively 
weak sources may be used, and that no corrections are 
needed for energy losses in a target material. This 
method has recently been used for the determination of 
the mass of the electron antineutrino from the beta 
decay of tritium, implantation having been carried out 
either with an accelerated beam of tritons [1] or by 
thermal diffusion [2]. In the latter method there is 
inevitably some distortion of the spectrum due to loss of 
energy at the edges of the detector. In the former 
method major problems arise from the radiation damage 
produced by the tritons as they slow down in the 
detector, and in this report we discuss and illustrate 
some of these problems. 
The radiation damage effects which we shall consider 
may be thought of in terms of the trapping of the charge 
carriers (both electron and hole) as they move through 
the damaged region. The failure to collect all of the 
charge results first of all in pulse height defects. When 
the energy calibration of the detector is determined with 
external sources of X- or -y-rays, the peaks occur at 
somewhat lower channels in the implanted area of the 
detector than in a non-implanted area. Unfortunately 
the fractional loss of charge for a beta particle emitted 
internally is not necessarily the same as that for the 
calibration y-rays, even if they are measured in the 
implanted area, because the trapping effects are depth-
dependent. Thus the extrapolated end-point energy of 
the beta spectrum in a tritium-implanted detector is 
subject to some uncertainty because of damage effects 
[3]. However it is still possible to obtain a good value 
for the extrapolated end-point energy by keeping the 
radiation damage small [ 4 ]. 
Attempts to measure the neutrino mass in tritium-
implanted detectors are subject to more severe prob-
lems. Radiation damage may cause the resolution func-
tion for the internal beta particles to be considerably 
different than that measured for external X- or -y-
sources. Because of the sensitivity of the neutrino mass 
to the resolution function [1], and the difficulty of 
determining the correct resolution function, the damage 
places a serious limitation on these neutrino mass de-
terminations. It should be noted that statistical consid-
erations require one to implant an order-of-magnitude 
more tritium to determine the neutrino mass than to 
determine the extrapolated end-point energy, with cor-
respondingly more damage. 
In the following sections we used simple models of 
trapping to illustrate some of the effects of radiation 
damage on the energy calibration and on resolution 
broadening in tritium implanted Si(Li) detectors. 
2. General considerations 
We consider a planar detector with a thin window 
through which positive ions from an accelerator may be 
admitted and implanted within the detector. For exam-
ple, 15 MeV tritons will be implanted at a depth of 
about 0.55 mm in silicon (after allowance is made for 
energy losses in a tantalum beam-tube exit window of 
about 20 mg/cm2 and a beryllium. entrance window of 
about 10 mg/cm 2 ). Tritons initially of 10 MeV will be 
implanted at about 0.2 mm. If the distribution of im-
planted tritium is assumed to be governed by range 
straggling, the full width at half maximum may be 
expected to be about 2% of the average range, and the 
full width at one-tenth maximum to be about 4%. 
For the beta decay of tritium, the maximum beta 
energy is 18.6 keV, and the maximum range of the beta 
0168-583X/85/$03.30 © Elsevier Science Publishers B.V. 
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particles is about 2 Itm. This distance is much less than 
the straggling width, and hence the effective width of 
the beta source will be determined by the straggling 
width. 
Some choice in the implantation depth (or depths) is 
available to the experimenter. In general the depth 
should be large enough to absorb completely any 
bremsstrahlung or characteristic K X-rays produced by 
the beta particles. For the same reason the edges of the 
detector should be masked during implantation. Such 
masking also avoids edge regions of poor resolution 
which are frequently found. Masking a substantial frac-
tion of the detector area also permits a direct measure-
ment of the pulse height defect for a collimated beam of 
X- of -y-rays. 
We now consider, in a general way, the role of 
radiation damage in producing a pulse-height defect 
through trapping of the charge carriers. Consider a 
detector of thickness d, implanted at a depth a, with 
radiation damage confined to a region x <a (fig. 1). 
For illustrative purposes we assume that the electric 
field remains uniform throughout the detector volume, 
and discuss three simple cases: (1) removal of electron 
carriers by trapping; (2) removal of hole carriers by 
trapping; (3) a combination of electron and hole trap-
ping. We do not consider explicitly complications such 
as field distortion due to the accumulation of trapped 
charges or detrapping of charges with a lifetime of the 
same order as the integration time of the amplifier. 
2.1. Electron trapping 
Denote by g(x) the number of electron traps per 
cm3 , and by Co.  the cross section in cm  of a trap for 
capturing an electron. As the electron carriers pass 
through the detector to the back surface, their number 
decreases according to 
dn 
 —n(x ) e ge (x). 	 (1) 
We note that g, (x') = 0 for x'> a. For n o electrons 
-o o- 
0 
4--. X -. 
Fig. 1. A typical silicon detector after implantation, with damage 
confined to a narrow layer at depth a. 
produced at x, the number of untrapped electrons at 
X , > x is 
dx"}. 	(2) 
The induced charge due to these electrons is 
qe(x) = en0(x) fdd, exp{_J e ge (x") dx"}. (3) 
Since there is assumed to be no hole trapping, the 







 = en o (x)— 
d
. 	 (4) 
With no trapping of either electrons or holes, the total 
induced charge would have been en 0 (x). We define the 
fractional pulse-height defect to be 
(5) 
en 0 
Using eqs. (3) and (4) in (5), and expanding the ex-
ponential, we obtain as the leading term 
De(X)=jd(l _-) we ge (x') dx'. 	 (6) 
It is clear that De(X)  has its maximum value at x = 0. 
We define this maximum to be 
' 	x' 
Dme = [(1 _)we gc (x') dx'. 	 (7) 
-'0 d \ 
For example if the damage is confined to a narrow 
layer at the end of the triton range, we can represent the 
effect of the damage by a delta-function 
(8) 
Then we find 
De (X)=Dme =ke (1_) 	for 0<x<a, 	
() 
D(x)=0 	 for a<x<d. 
2.2. Hole trapping 
In a model where hole trapping, but not electron 
trapping, takes place, the induced charges are 
qe (x)=en o (x)(1—x/d) 	 (10) 
and 
en o (x) x 
qh(x)= 	
d f dx' exp{_f whgh(x ) dx"}. 
(11) 
Here g, is the number of hole traps per cm 3 and wh is 
the cross section in cm' of a trap for capturing a hole. 
Using eqs. (10) and (11) in (5), expanding the exponen-
tial and retaining only the leading term, we obtain 
xx' 
Dh(x)=j --wg(x') dx'. 	 (12) 
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The maximum value is 
D_j,g(x') dx'. 	 (13) 
Using the example that the damage is confined to a 
narrow layer at the end of the triton range, we use 
)hgh(x) = 	- a) 	 (14) 
and find 
Dh(x)=O 	 for 0<x<a, 
Dh(x)=Dkh 	for a<x<d. 	
(15) 
2.3. Combination of electron and hole trapping 
When both electron and hole trapping are present 
and are independent, the fractional pulse-height defects 
are additive, i.e. 
D(X)=De (X)+Dh(X). 	 (16) 
For the example that the damage can be represented 






D(x)=kh for a<x<d. 
This makes it clear that if hole trapping predominates, 
the implantation should be shallow. On the other hand, 
if electron trapping predominates, one may not be able 
to achieve a significant improvement with a deeper 
implantation, since a/d will usually be less than about 
0.1-0.2. 
If the detector is irradiated with X- of y-rays from 
an external source, the interactions take place 
throughout the entire volume of the detector, and are 
governed by an energy-dependent exponential absorp-
tion law. The average value of the pulse-height defect 
for y-rays (averaged over depth of interaction) is 
D=j"D(x) e xd x/f'e d x. 	 (18) 
Using the 6-function approximations (8) and (14), or 
eq. (17) in eq. (18), we obtain 
	
a I - e" 	a e' - 
D = ke(1 - 




If kh ke , and a <<d, then for strongly absorbed -y-
rays, electron trapping is the predominant cause of a 
pulse height defect. However for weakly absorbed -y-
rays, i.e. for s - 0, the average contributions of electron 
and hole trapping are simply proportional to ke  and 
kh, respectively. The variation of E 0 D with energy is 
illustrated in fig. 2, where is the pulse size for no 
damage, using as an example a silicon detector with 






500- 	 ke 
2.0 




Fig. 2. Pulse-height defects C O D., calculated for y-rays incident 
on a silicon detector of thickness 3.0 mm, with damage con-
fined to an infinitesimally thin layer at a depth of 0.4 mm. 
Holes are collected at the front electrode and electrons at the 
back. The ordinate scale is normalized to the value 151 eV at 
14.4 keV for k h /kC 1.0. 
section, the observed pulse height defects follow this 
type of variation with photon energy, confirming the 
presence of both electron and hole trapping. 
3. Study of a damaged detector 
3.1. Implantation and pulse-height defects 
A silicon detector of thickness 3.0 mm and area 30 
mm 2,  with a Be window of 0.050 mm, was used for 
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Fig. 3. (a) Implantation profile of tritium in silicon detector. (b) 
Calculated fractional pulse-height defects assuming the damage 
for each implantation depth is concentrated at that depth. 
Thickness of the detector is d = 3.0 mm. 
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one side into a semicircle of radius 2.5 mm, while the 
other side was masked. The implantations took place at 
room temperature, so that presumably much of the 
damage produced was annealed out. The triton beam 
was provided by the McMaster University tandem 
accelerator, with beam energies between 9 and 17 MeV. 
A total of 3.3 x 1010  tritons were implanted into an area 
of about 0.1 cm2 . Fig. 3a shows a profile of the implan-
tation depths and 3b shows the relative pulse-height 
defect calculated for electron—hole pairs generated at 
any depth x, assuming in turn only electron trapping 
and only hole trapping concentrated at each implanta-
tion depth. Other choices for the damage would smooth 
over the steps in these staircases. 
Using the staircase profiles of fig. 3b, the average 
pulse-height defect for external X- and -y-rays has been 
calculated from eq. (18) for various choices of the 
parameter Dmh/Dme.  An overall normalization has been 
chosen to give pulse-height defects in approximate 
agreement with experimentally observed values; fig. 4 is 
drawn for Dme  = 0.0155 and D,,/Dme = 0, 0.1, 0.2 and 
0.3. It is seen that the general shape of these curves is 
the same as for the simple model illustrated in fig. 2. 
3.2. MEasurements with collimated -y-ray beams 
Experimental measurements of pulse-height defects 
were carried out using a 57Co source with a pinhole 
collimator to direct the beam onto both the implanted 
and non-implanted portions of the detector. The 57Co 
source produces useful peaks at 6.40 keV (X-rays in 
57 Fe), at 14.413 keY (nuclear y-ray), and at 21.123 keV 
(X-rays in a palladium backing). The beam diameter, 
including penumbra, was calculated to be 1.3 mm at the 
too- 
0 20 40 60 
e0 (keV) 
Fig. 4. Pulse-height defects calculated for y-rays incident on 
silicon detector, using the defects shown in fig. 3, and various 
values of the ratio Dmh/Dme . The ordinate scale is determined 
by arbitrarily fixing D,,, = 0.0155. 
front face of the detector. This was too large, relative to 
the dimension of the implanted area, to probe details of 
the implantation, but small enough to permit a compari-
son of implanted and non-implanted regions. 
Ten months after implantation the pulse-height de-
fects (centroid shifts) were about 151 eV at 14.41 keV 
and about 140 eV at 21.12 keV. About 15 months after 
implantation, these defects had both increased to about 
170-180 eV. The fact that the pulse-height defect (in 
eV) is about the same at 14.41 as at 21.12 keV (for those 
pulses clearly in the main peak) is consistent with a 
combination of electron and hole trapping, but not with 
a model involving the trapping of charge carriers of one 
sign only. Centroid shifts for the 6.4 keV peak are more 
difficult to determine because of uncertainty in defining 
the boundaries of the peak, but are of the same order of 
magnitude as for the other peaks. 
Fig. 5 shows how the response of the implanted 
(damaged) part of the detector to the 57  Co beam varies 
with the time which has elapsed after the bias is applied, 
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Fig. 5. Bias-time effect on the response of the implanted part of 
a silicon detector to a collimated beam from a 57Co source. 
Dispersion is 24.2 eV/channel. (a) - 3 h after bias was 
applied; (b) - 30-33 It after; (c) - 53-56 h after. Note the 
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50 hours the 6.4 keV X-ray peak is much smaller than 
the 14.41 keV peak, although initially it was much 
larger. For the implanted region the final value of 
counting rate for the 6.4 keV X-ray is less than 10% of 
the initial value, while the 14.41 keY y-ray rate is 
reduced to about 75%, and the 21.1 keV X-rays to about 
93%. No such effect is seen for the non-implanted part 
of the detector. These observations are consistent with 
the formation of a dead layer of silicon of about of 0.1 
nun at the front of the implanted part of the detector, 
but its origin is not clear. In our subsequent calcula-
tions, which are intended for illustrative purposes only, 
we make no attempt to take such a layer explicitly into 
account. 
3.3. Energy calibration for implanted tritium beta particles 
If one hopes to use external sources of X- or -y-rays 
to establish an energy calibration for the beta particles 
emitted by the implanted tritium, it is clear that one 
should use a collimated beam directed onto the im-
planted part of the detector. Since the edges of the 
detector are deliberately masked during implantation, 
they must also be completely excluded during the en-
ergy calibration. If this precaution is not taken, the 
apparent beta end-point energy will almost certainly be 
too low. 
Even with adequate collimation, the centroid for 
external y-rays may differ from the centroid for internal 
beta particles of the same energy. Since this difference 
cannot be measured directly, we must resort to a model 
dependent argument to estimate it. The simplest model, 
that of damage confined to a thin layer at x = a, yields 
eq. (19) for the -y-ray defect. An estimate of the frac-
tional defect for the beta particles is just the simple 
average of the fractional defects in the regions x <a 
and x > a, i.e. 
Dfl=•[ke (1_•)+kh]. 	 (20) 
Eqs. (19) and (20) predict no discrepancy in the energy 
calibration for beta particles if the number of calibra-
tion -y-rays interacting in the region x < a equals the 
number in the region x> a. As a more realistic exam-
ple, we estimate the discrepancy using a = 0.4 mm, 
d = 3.0 mm and s = 1.27'mnf 1 at the tritium beta end 
point, 18.6 keV, and take the -y-ray pulse height defect 
at that energy to be 145 eV. Then eqs. (19) and (20) 
give, for 18.6 keV, 
	
p —=-23eV 	for k e =kb , 
=+23eV 	for k e =0, 
=-33eV 	for k h =0. 
The systematic uncertainty in the beta end-point energy 
is therefore of the order of ±25 eV 'in this example. 
These estimates have been given in ref. [3]. 
A still more realistic estimate of the centroid shift for 
beta particles takes into account the depth distribution 
of the tritium; if for example the damage distribution is 
assumed to coincide with the tritium distribution (fig. 
3b), the average shift is 
0 Dfl = 0 g(x 1 )D(x 1 )g(x). 
For the defects shown in fig. 3, we find Dq = 0.464 
Dme  + 0.429 D. Choosing values of Dme and D rh  
which will produce a pulse-height defect for external 
18.6 keV y-rays of 145 eV (fig. 4), we find - 
ranges from —31 eV to —14 eV as D,rj.JDme  increases 
from 0.1 to 0.3, and becomes +42 eV in the unlikely 
limits of Dme = 0 and D h = 0, respectively. 
Alternative methods of calibration, which do not 
require external sources, may be possible. For example 
one might try to implant a nuclide at the same depth as 
the tritium, which upon neutron capture produces an 
isomeric state with high internal conversion of the decay 
y-ray. The systemtic uncertainty in such a calibration 
should be less than with an external y-ray source. 
3.4. Gamma ray response functions 
For the purposes of an energy calibration, it is 
sufficient to know the centroids of the response func-
tions for the calibration 'y-rays and for the tritium beta 
particles. However, the problem of determining the mass 
of the antineutrino from the shape of the beta spectrum 
near the end-point requires a more detailed knowledge 
of the beta response function. An examination of the 
peak shapes for -y-rays provides some insight into the 











0.0 	 I't.V 	 I't.t 	 I't.0 
C (key) 
Fig. 6. Typical experimental peak shapes for collimated 14.41 
keV f-rays incident on implanted and non-implanted parts of 
the detector. The two curves are normalized to the same 
counting time. 
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Fig. 6 illustrates the change in the response function 
for 14.41 keV -y-rays in going from the non-implanted to 
the implanted part of the detector. For this detector at 
this energy, about half of the y-ray interactions take 
place within the damaged region, and there is a signifi-
cant broadening of the response function, the fwhm 
changing from about 235 eV to about 355 eV. Further 
insight is gained from the response functions for the 
59.537 keV y-ray from an 241Am source as shown in fig. 
7. At this energy about 75% of the y-ray interactions 
take place at depths greater than the tritium sites. Here 
one can see that the dominant part of the peak, which 
arises mostly from the deep-y-ray interactions, is shifted 
down because of hole trapping in the damaged region. 
However, the peak is not broadened appreciably in the 
implanted part because for most of these deep events 
the amount of trapping remains the same. The tail on 
the low energy side of the peak is probably due, at least 
in part, to -y-ray interactions in the front and damaged 
regions, for which the removal of electron carriers is 
also possible. 
3.5. Approximate calculation of response functions 
For illustrative purposes, an approximate calculation 
of the response function for 18.6 keV y-rays has been 
carried out for the particular detector under study. For 
this calculation we have replaced the staircases in fig. 3b 
by straight lines, i.e. we have used 
D(X)=Dme 	 (Ox'<a) (21a) 
(a<x<b) (21b) 
D(x)=D 	 ( b < x < d ) (21c) 
where a is now the front boundary of the damaged 









Fig. 7. Experimental peak shapes for collimated 59.537 key 
y-rays incident on implanted and non-implanted parts of the 
detector. The two curves are for the same counting time. 
tion is taken to have a Gaussian response centred at the 
value t o - 0 D(x), with standard deviation a. The peak 
shape is obtained by weighting each Gaussian with the 
factor e and averaging over the entire thickness of 
detector. The result can be written 
A t ) =fl()+f2()+fab()' 	 (22) 
where 
A () = ___________ 
1 - e " 
xexp{_(_ o + o Dme ) 2/2a 2 } 	(23) 
is the response for the front region, 
eil - e_" 	1 
f2 ) =  
1 - e ' 
x exp(_(E_ o + o D,) 2/2 a 2 } 	(24) 
is the response for the back region, and 
[P(z2 ) — P(z1)] 	( - 
fab() 	 exp<—(—to) a 	1—e" 	a 
L(Dmeb_DmJa)1a} 	
(25) 
Dme - D 
is the response for the damaged layer. Here 





z 2 = 	+ 	-, 
CF 	Cr 
and 
P(z)=.LJexp(_x 2 )dx. 
Values of P(z) are available in Abramowitz and Stegun 
[5]. 
For comparison the response function for 18.6 keV 
beta particles may be calculated using eq. (21b): 
1 	çbdx 
-::- 
x exp( - 	to + 0D(x))2/2a2 } 
1 Ip(O+O1)me '\ 
	
= o(Dme - D,) 	a 	a I 
_P(0+0)mh)}. 	 (26) 
Fig. 8 shows calculated response functions for 18.6 keV 
y-rays (eqs. (22)—(25)) and 18.6 keV beta particles (eq. 
(26)). The intrinsic response is assumed to be a Gauss-
ian with a = 108.6 eV (fwhm of 255.7 eV). Three cases 
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Fig. 8. Examples of calculated response functions for external 
18.6 keV y-rays and for internal 18.6 keV 13's. The silicon 
detector has a depth 3.0 mm and is assumed to have tritium 
implanted between a = 0.18 and b = 0.696 mm. The intrinsic 
response is assumed to be a Gaussian with a = 108.6 eV (fwhm 
255.7 eV). Eqs. (22)-(25) are used to calculate the response to 
y 's and eq. (26) the response to 8's. The damage parameters 
Dr,,e and D,, are chosen in each case to give a centroid shift in 
the-y-response function of 345 eV. The cases evaluated are: (a) 
Dme = 0.018310, D,,, = 0 (electron trapping only); (b) Dme = 
0.014120, D,, = 0.003106; (c) Dme  = 0, D,, 1, = 0.013576 (hole 
trapping only). The arrows along the abscissae mark the posi-
tions of the centroids for each response function. The numbers 
in brackets are the fwhm values in eV for each curve. 
are shown, for each of which the centroid shift in the 
-y-response function is - 145 eV. For fig. 8b, which most 
closely agrees with the experimental situation, the beta 
response curve has a fwhm of 295 eV and the y-re-
sponse curve a fwhm of 355 eV. Fig. 8a is evaluated for 
electron trapping only, and shows considerably greater 
broadening. Fig. 8c is for hole trapping only. Since, as 
Simpson [1] has pointed out, a beta particle resolution 
2% better than the y-ray resolution can simulate a 40 eV 
neutrino mass, this detector with this amount of damage 
clearly cannot be used for the determination of the 
antineutrino mass. 
4. Summary 
Measurements of the beta spectrum of tritium im-
planted in silicon detectors are subject to uncertainties  
because of the damage done by the tritons during 
implantation. Even if an implanted detector is subse-
quently annealed, there remains the possibility of seri-
ous residual damage. Collimated X- or -y-ray beams 
provide the best means of determining if there are 
residual pulse-height defects due to radiation damage in 
the detector, since it is possible to have centroid shifts 
with little broadening in the response function. If the 
damage is not too great, an energy calibration for beta 
particles from implanted tritium can be obtained from 
external X- or -y-ray sources which have been collimated 
to irradiate only the implanted part of the detector. 
Such a calibration has a systematic uncertainty which 
can be estimated from simple general considerations. 
This uncertainty is reflected in the value determined for 
the end-point energy. 
For the purposes of an energy calibration, it is 
necessary to relate only the centroids for the calibration 
y-rays and the internal beta particles, but for the de-
termination of the antineutrino mass, the shape, i.e. the 
higher moments of the response function for monoen-
ergetic beta particles, are also required. To illustrate the 
extent of the problem, we have calculated some beta 
and -y-ray response functions in the presence of damage. 
Experimentally, it seems very difficult to determine the 
beta response function, unless one could obtain internal 
conversion electrons of suitable energies from a .nuclide 
which had been implanted with the same spatial distri-
bution as that of the tritium. 
The authors wish to acknowledge the loan of the 
detector from Dr. J.J. Simpson, who had implanted it as 
a monitor for a second larger-area detector. They also 
thank Dr. D.M. Rehfield for valuable discussions in the 
initial phases of this work and Mr. D.C. Elliott for 
valuable technical assistance. 
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Summary. - The proposal to build a heavy-water erenkov detector 
deep underground is discussed. The main physics objectives are to 
measure the 8B solar neutrino flux, to identify neutrino oscillations and 
to watch for gravitational collapse. The measurements of the sources 
of background and the optical properties of heavy water, which are 
necessary to prove the feasibility of the detector, are reported. The 
present status of the project is indicated. 
PACS. 94.40. - Cosmic rays. 
- Introduction. 
The concept of a heavy-water Oerenkov detector for the study of solar 
neutrinos was discussed recently by CuuN (1).  The reaction used to detect the 
neutrinos is v+d -- p+p+e which has a Q of - 1.44 MeY. The energy and 
direction of the electron are determined by measuring the Oerenkov light 
produced using many large photomultiplier tubes. The proposed detector would 
contain 1000 tons of heavy water and the photocathode coverage of the sur-
face would be 40 % to 60 %. 
- Physics aims. 
The first physics objective of the project is to study the solar neutrino 
spectrum with sufficient energy and directional information to establish that 
the events are due to 8B  decay in the Sun and with sufficient statistical accuracy 
and timing resolution to establish whether the events are correlated with cosmic-
ray activity or solar flares. There are two main advantages of this reaction 
over the (v-c) elastic scattering which is used in light-water 6erenkov or scintil-
lation detectors. First, the cross-section is much larger as indicated in fig. 1. 
This leads to 10 events detected per day per 1000 tons of heavy water if the 
SB solar neutrino rate is 2 106 cm 2/s which is the maximum value consistent 
with the results of Rowley et al. (2).  Second the electron energy is uniquely 
given by the v energy in contrast to the case of elastic scattering where the 
electron may have any energy up to the v energy. This means that in the light-
water detectors, a substantial fraction of the events will be below the threshold 
H. H. CIrEN: Solar Neutrinos and Neutrino Astronomy (Homestake, 1984); AlP 
Con/. Proc., No. 126, p. 249; also Phys. Rev. Lett., 55, 1534 (1985). 
J. K. ROwLEY, B. T. CLEVELAND and R. DAVIS Jr.: Solar Neutrinos and Neutrino 
Astronomy (Homestake, 1984), AlP Con/. Proc., No. 126, p. 1. 
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Fig. 1. - Cross-sections for the (v, d) ± p +p + e reaction compared with (ye) elastic 
scattering. The elastic-scattering cross-sections are multiplied by 5 because there are 
5 times as many electrons as deuterons in heavy water. 
for detection (this is indicated by the clashed lines in fig. 1 for a 7 MeV electron 
energy threshold) and it will be difficult to unfold the neutrino energy spectrum. 
The light-water detectors give a better measure of the neutrino direction but 
when the effects of background are considered, this advantage is largely over-
come by the higher statistics of the heavy-water detector. 
A second physics objective is to look for possible neutrino oscillations. 
The charged-current process used to measure the v 0 is indicated in fig. 2a). 
The analogous neutral-current reaction is shown in fig. 2b). The cross-section 
for this reaction is related to that for the charged-current reaction but it is 
independent of neutrino type. The reaction would be identified by the sub-
sequent capture of the neutron in deuterium giving 6.25 MeV gamma-rays. 
Thus the ratio of events in the 8B neutrino spectrum to 6.25 MeV gammas is a 
direct measure of the amount of neutrino oscillation over a distance of 1 a.u. 
Clearly this measurement requires a very low background detector as gamma-
rays above 2.2 MeY can also dissociate the deuteron but it seems possible to 
achieve this in our proposed laboratory. 
The heavy-water detector would be particularly suited to the detection of 
neutrinos from gravitational collapse. In such a collapse, there is an initial 
burst of neutrinos with energies up to 20 MeV followed by a cooling phase when 
all neutrino types would be produced. Our detector would see up to 50 events 
in the first few milliseconds from the Ve  burst. In the following fraction of a 













Fig. 2. - Diagrams showing the charged and neutral weak interactions on the deuteron 
which can be exploited to search for neutrino oscillations. 
second, neutrinos of all types would be detected. The data from existing detec-
tors which are primarily sensitive to c would be complementary to this and 
would be essential in unravelling the data. Our detector is probably the only 
one which could detect collapse to a black hole at a distance of 10 kpc. 
3. - The detector. 
It is proposed to site the detector at the Creighton nickel mine near Sudbury 
in Canada. Important features of this mine are a continuous fast hoist to depths 
of over 2100 meters a low thermal gradient in the rock and a very co-operative 
mine management. A schematic of the mine is indicated in fig. 3. As discussed 
below, we wish to locate the detector in the hanging wall rock, as deep as pos-
sible. A potential location at 6600 feet has been identified. This location has 
a uniform overburden of about 5900 m.w.e. of norite rock (a form of gabbro). 
The rock temperature is about 40 °C, but there is ample ventilation in this part 
of the mine. The excavation being considered is a 20 in diameter hole 25 meters 
high with a domed roof. A drawback to this site is the long distance from the 
mine shaft as seen in fig. 4. 
As the detector has to measure low-energy electrons, it is essential to under-
stand fully the backgrounds which can simulate these events. These may come 
from radioactivity in the rock or materials in the detector, or from cosmic rays. 
In fact, at a depth of 6600 feet the muon rate does not lead to a significant 
background rate. There is a background problem which is unique to the heavy-
water detector. Gamma-rays of more than 2.2 MeV (in particular 2.614 MeV 
gamma-rays from the decay of thorium) can cause dissociation of the deuteron 
giving free neutrons which will be captured in other deuterium to give 6.25 MeY 
gamma-rays. The probability of this happening is about 1 in 400 for 2.6 MeV 
incident gamma-rays. This is our major background problem. We intend to 
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Creighton Mine Longitudinal 
Fig. 3. - Vertical section of the Creighton mine. The preferred site of the detector is 
at the end of the long drift into the hanging wall at 6600 feet. The map in the lower 
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Fig, 4. - Schematic of the 6600 feet area at the Creighton mine. The preferred site in the norite rock is shown. 
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run initially, with an electron energy threshold of 7 MeV which reduces the 
rate by a factor of about 50. Poisoning the water with boron can give a further 
factor of 100 if it is required. We would rather not poison the water so that 
we would remain sensitive to neutrons. The neutrino oscillation experiment 
would be run with lower thresholds after experience is gained with the back-
ground. 
The background from radioactivity in the rock has been measured in three 
ways. First, the gamma flux has been measured using a 4 in. x 5 in. NaI detector. 
Buns of typically 90 hours were made using no shielding, 2 in. of lead shielding, 
4 in. of lead, and with a boron shield to eliminate slow neutrons. The neutron 
flux was measured using a 15 cm diameter by 2 meter long BF, counter mounted 
in a 2 cm thick polyethylene cylinder. Finally a large number of rock samples 
were collected and assayed for uranium and thorium. These measurements 
showed that in the hanging-wall rock, which is a very uniform norite, the 
uranium content is 1.2 p.p.m. and the thorium is 5.3 p.p.m. This produces 
about 200 gammas rn-2 d- ' above 7 MeV (largely from neutron capture in iron), 
3000 slow neutrons rn-2 d' and 600 fast neutrons. In addition there are 
1.8109 -r rn-2 d' at 2.614 MeV. The rock in the footwall is variable with some 
of the granites having up to 25 p.p.rn. of uranium and 65 p.p.m. thorium. The 
average neutron flux in the footwall rock was 15000 n rn -2 d'. It is the un-
predictable nature of the footwall sites that leads us to work in the hanging-
wall rock. -, 
The uranium and thorium content of some of the materials which will make 
up the detector have been examined. The major source of activity to have been 
identified is the glass in the phototubes which contains 0.1 p.p.m. of both 
uranium and thorium. We are working with HAMAMATsU to find a more suitable 
glass. The heavy water contains less than 5 p.p.t. uranium and thorium and 
will not be a major source of background. Care will be taken to use low tritium 
water (<0.05 PCi/kg) so that there will be little light generated by tritium 
decay. 
The preferred conceptual design for the detector is shown in fig. 5. The 
shielding against external gamma-rays and neutrons is provided by a meter 
of low activity concrete and three meters of clean light water. The phototubes 
sit in the light water which shields the heavy water from the 2.6 MeV gamma-
rays produced in the tubes. There would be about 2400 of the 50 cm diameter 
phototubes to give at least 40 % coverage of the surface. Event reconstruction 
would require fast timing (7 us) from each tube. The heavy water is contained 
in an acrylic tank and between 1000 and 1500 tons would be used depending 
on availability. With this design the background from radioactivity is estimated 
to be 2 events per day above a 7 MeV threshold. This is to be compared with 
the expected solar rate of 10 to 15 events per day. 
A potential difficulty which has been investigated is the light transmission 
in heavy water. A number of authors have reported light attenuation measure- 





Fig. 5. - Conceptual design of the light/heavy-water detector. The heavy water is 
contained in an acrylic tank and is shielded from activity in the rock by low activity 
concrete and light water. The Nrenkov light produced in the water is detected by an 
array of 2400 50 cm diameter phototubes. 
ments in light and heavy water and all reported much stronger attenuation 
for heavy water in the blue part of the spectrum (3.5).  Most recently, TAM and 
PATEL (5)  have shown data indicating that heavy water absorbs less in the 
infra-red as expected but that the absorption increased below 500 urn. Since 
we could see no physical reason for this increase so we measured the attentuation 
using a 50 cm sample cell and instruments at the optical standards laboratory 
of NBC. Our results are shown in fig. 6 where the results of Tam and Patel 
are also plotted. Our data are in good agreement with theirs for the long wave-
lengths but towards the blue region we see much lower attentuation than they 
do. The difference between the absorption for light and heavy water in the red 
region is easily understood as in this region molecular excitation is responsible 
for the absorption. The measurements at the blue end are very sensitive to 
trace impurities in the water and we do not claim to have seen an intrinsic 
difference between light and heavy water in this region. However, we are 
satisfied that the attenuation lengths for the wave-lengths to which the photo- 
S. A. SULLIVAN: J. Opt. Soc. Am., 53, 962 (1963). 
H. LARZUL, F. GLBART and A. JORANNIN-GILLES: C. R. Acad. Sci. Pari8, 261, 
4701 (1965). 
A. C. TAM and C. K. N. PATEL: Appi. Opt., 18, 3348 (1979). 
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Fig. 6. - Measured attenuation coefficients for light and heavy water. For light 
water. and heavy water at 2> 500 nm we agree well with TAM and PATEL (3)  but in 
the region below 500 nm, where our phototubes are most sensitive, we see much less 
attenuation. • D 2 0, o H.O. 
tubes are sensitive are sufficiently long that they will not be a difficulty in this 
experiment. 
4. - Present status of the project. 
At present we have just completed the feasibility study and have shown that 
it is possible to construct a detector which would allow the physics indicated 
above to be carried out. Calculations on the rock mechanics are still in progress 
but the indications are that a sufficiently large excavation can be made. It 
also appears that at least 1000 tons of heavy water could be made available 
for the experiment. There are many details to be examined and we are seeking 
funds to carry out a detailed design study. 
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• RIASSUNTO (*) 
Si discute ii progetto di costruire un rivelatore 6erenkov ad acqua pesante a grande 
profonthtà. Gli obiettivi fisici principali sono quelli di misurare ii flusso di neutrini 
solati di 8B, d'identfficare le oscillazioni neutriniche e di osservare II collasso gravita-
zionale. Si riportano le misure delle sorgenti di background e le propriet ottiche dcl-
l'acqua pesante, die sOflo necessarie per provare la fattibilità del rivelatore. Si indica 
10 stato attuale del progetto. 
() Traduzione a cura della 1?edazione. 
Hpeu1oKeuue 0 CTpOHTeJIhcTBe He*rpHHnoi o6cepBaToptfn B Cyt6epu (KaHaa). 
Pe3I0Me (*)• - 06cyiczaeTcM rxpeJIo)KeHI1e 0 cTpoHTeJmcTBe iepeHKOBCKOFO geTeKTopa Ha 
TsoKeJIoti Bone. OCHOBHI,Ie 4H3R'iecKMe 3aAwm - I43MPHHC noroica 8B cofn-le{uIilx HeTpH-
no, ueHTH4iiKaw45r HeTpHuHI,Ix OCIWJVIMMR H Ha6JTfoeHHe rpaBHTarI4oHHoro xoiuianca 
Coo6WaIoTc5f pe3yJIbTams 143MepeHnti HCTO'iimKOB OHa H OrITW{eCKHX CBOi1CTB TSDKCJTOii 
BOh!, Heo6xoHMT,Ie gim Bhmojmennsi aroro AeTeXTopa. OnncLthaercg cocTosIHRe npoea 
B HacTosnIee npeMsI. - 
() flepeeeaeno peôaicqueu. 
Reprinted from Applied Optics, Vol. 25, Page 877, March 15, 1986 
Copyright © 1986 by the Optical Society of America and reprinted by permission of the copyright owner. 
Determination of the attenuation coefficients of visible 
and ultraviolet radiation in heavy water 
L. P. Boivin, W. F. Davidson, R. S. Storey, D. Sinclair, and E. D. Earle 
A long-path-length transmission cell has been used to measure the attenuation coefficients of purified H 20 
and D 20 at various wavelengths between 250 and 580 nm. The principles governing the procedures and 
corrections for various sources of light attenuation in the transmission cell components are discussed. 
Detailed chemical histories of the H20 and D20 samples are given. The measured attenuation coefficients of 
H20 are lower than those of many previous determinations and, where comparable, are close to the record low 
values of Quickenden and Irvin [J. Chem. Phys. 72,4416 (1980)]. The measured attenuation coefficients of 
D20 are the lowest yet achieved and range from 32 X 10 cm' at 254 nm down to 1.1 X 10 cm-1 at 578 nm, 
attesting to the low level of impurities in our D20. These results on light transmission in D20 indicate that a 
large 1000-Mg heavy water Cherenkov detector constructed for the purpose of neutrino detection is not 
limited by the attenuation length of radiation in the D 20. 
I. Introduction 
The feasibility of using a large heavy water Cheren-
kov detector for neutrino astronomy has been investi-
gated recently.' It is vital for the successful operation 
of such a detector that light propagates through the 
heavy water without serious attenuation over dis-
tances of '-'10 m. The existing literature on the trans-
mission of visible light in heavy water indicates that it 
is significantly poorer than in light water. As we could 
see no physical reason for this difference, we have 
remeasured the attenuation of light in heavy water and 
report the results in this paper. 
To indicate the motivation for this work, we show in 
Fig. 1 a conceptual design for the proposed detector. 
Neutrino interactions in heavy water produce relativ-
istic electrons which give rise to some 103  photons in 
the visible part of the spectrum through the Cherenkov 
process. To reconstruct the energy, momentum, and 
position of the electron, at least 10% of these photons 
must be detected in an array of 2400 large photomulti-
plier tubes (PMTS) 2  located 2.5 m outside the heavy 
water. The detector would be sited in a deep mine at 
Sudbury, Canada, 2 km below the earth's surface to 
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Nuclear Laboratories, Chalk River, Ontario KOJ 1JO; D. Sinclair is 
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shield the detector from the cosmic ray flux. It is 
worth noting that in recent years two large Cherenkov 
light water detectors have been set up in underground 
locations, primarily to detect proton decay. 3 '4 For 
these detectors to have operated successfully the at-
tenuation length of light in H 20 has to be considerably 
greater than the detector dimensions, particularly in 
the blue and near UV regions of the spectrum where 
the quantum efficiency of the PMT photocathodes is 
at a maximum. 2 The small values for the attenuation 
coefficient a derived operationally in these two under-
ground detectors corroborate the values found previ-
ously from laboratory measurements. 
Historically, experimental determinations of the ab-
sorption of light in heavy water have been reported 
three times in the literature, namely, by Sullivan, 5 
Larzul et al.,6 and Tam and Patel. 7 The experiments 
of Sullivan and Larzul et al. were based on the conven-
tional technique of absorption spectroscopy using 
long-path-length transmission cells, while that of Tam 
and Pate!7 employed a more elaborate technique based 
on pulsed optoacoustic spectroscopy. Wide disagree-
ment exists among the attenuation coefficients a 
quoted in these works ranging in the blue region of the 
spectrum from a value of _40-2  cm (Ref. 6) down to 
'-'3 x 10-3 cm (Ref. 5) and '-'1 X 10 cm (Ref. 7). 
Furthermore, the measurement of Larzul et al.° indi-
cates a pronounced absorption peak in D 20 at '--'275 
nm. Since the corresponding attenuation lengths of 
blue light are, respectively, -'1 rn, 6 '-'3 rn, 5 and '-'10 rn, 7 
these values are at best comparable to the dimensions 
of the proposed D 20 Cherenkov detector and, if cor-
rect, seriously impinge on the viability of the project.' 
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ce(v) = a(t') + b(i'), 	 (2) 
of light absorptivity, we have taken great care to study 
H20 and D20 of the highest optical purity. 
The main philosophy behind this study was to dem-
onstrate that our values for a for H20 were comparable 
with the lowest published values' and then to pro-
ceed with some degree of confidence to the determina-
tion of a for D 20. 
The attenuation coefficient a in the present work is 
defined by 
I = I0 expL—a(v)LI 	 (1) 
where I0 and I are the intensities of radiation at a given 
frequency ii before and after passing through a water 
path of length L. While some authors 5 ' 7-10 have ex-
pressed their results in this form, others 6" 1 have ex-
pressed their results as decadic absorptivities, and we 
have made the appropriate lnelO conversion before 
making comparisons for our data. The attenuation 
coefficient a(v) is made up of two parts, 
Fig. 1. Conceptual design for the proposed detector. The heavy 
water is contained in an acrylic tank and is shielded from activity in 
the rock by low activity concrete and light water. The Cherenkov 
light is detected by an array of 2400 PMTs of 50-cm diameter. For 
clarity, a number of details have not been drawn. These include the 
steel containment tank, a black light shield behind the PMTs, and 
the tunnel required for excavation. 
In contrast, the number of experiments conducted 
over the years to determine the attenuation coeffi-
cients of light in light water (H20) is legion (see Refs. 
5-11 for the most recent work and particularly Refs. 7, 
9, and 11 for earlier work). The methods used in these 
measurements range from conventional absorption 
spectrophotometry5 ' 6 ' 9 '" to more sophisticated ap-
proaches, such as adiabatic laser calorimetry, 8 pulsed 
dye-laser optoacoustic spectroscopy, 7 and a split-pulse 
laser technique.'° Two general features are evident 
from these measurements. First, the more refined 
techniques7 ' 8"0  provide attenuation coefficients in the 
visible and near-IR part of the spectrum, while data on 
the blue and UV parts of the spectrum are derived 
from conventional absorption spectrometry. More-
over, compared with the number of measurements in 
the visible and red regions there exists a paucity of 
measurements in the blue and UV regions. Second, 
there exist strong variations in a among the different 
data sets with a factor of 10 or more not being uncom-
mon. Hypotheses which have been advanced to ex-
plain these discrepancies include imperfect under-
standing of the optical characteristics of the 
transmission cell, water containing contaminant 
amounts of scattering and absorbing material, and 
shortcomings inherent in the technique employed. 
The purpose of the present paper is to report on a 
determination of the total attenuation (sometimes also 
termed extinction) coefficient of H20 and D20 as a 
function of frequency using a long-path-length trans-
mittance method. Conscious of the vitiating role that 
impurities have played in previous determinations 5-1 '  
where a(v) and b(v) are, respectively, the total absorp-
tion and total scattering coefficients. The technique 
of measuring the transmittance of light through along-
path-length cell gives a measure of the total attenua-
tion coefficient in contrast to, e.g., optoacoustic spec-
troscopy,7 which is sensitive solely to absorption. 
II. Experimental Measurements 
A. Method 
The attenuation coefficients for H20 and D 20 were 
determined by measuring the attenuation of a colli-
mated monochromatic light beam passing through the-
50.3-cm long water cell. The experimental apparatus 
is shown in Fig. 2. The water cell has a diameter of 
12.5 cm, and the fused quartz windows are 5 mm thick. 
The water cell is mounted on a carriage so that it can be 
moved into or out of the light beam which has a diame-
ter of'—'25 mm and is produced by a source consisting of 
a 500-W mercury arc lamp used in conjunction with a 
high efficiency monochromator. After passing 
through the water cell, the beam enters a 25-cm diam 
integrating sphere having an entrance port diameter of 
'--'55 mm. The detector is a UV-enhanced silicon diode 
placed at the rear of the sphere. Thus the signal 
measured by the silicon diode is proportional to the 
total beam power entering the sphere and is not sensi-
tive to beam displacement or deformation introduced 
by the cell. The angle subtended by the entrance port 
of the integrating sphere is '-40° with respect to the 
center of the cell. Thus measurement of the transmit-
ted light will have only a small component due to 
forward scattering, and, consequently, the values mea-
sured are attenuation coefficients. 
A beam splitter is placed between the monochroma-
tor and water cell to reflect a constant fraction of the 
incident beam going through the water cell. This re-
flected beam (the monitor beam) also enters an inte-
grating sphere and is measured by a UV-enhanced 
silicon diode at the rear of the sphere. This signal is 
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Fig. 2. Schematic diagram of the apparatus employed to measure the transmittance of visible and UV light in H 20 and D20. The water cell 
could be translated horizontally on a carriage in and out of the direct beam. 
proportional to the total power in the direct beam 
entering the water cell. 
The signals from both silicon diodes are fed to opera-
tional amplifiers, then to integrating digital voltme-
ters. The latter have a 10-s integration period and are 
triggered simultaneously when making a measure-
ment. The long integration period, coupled with the 
monitor beam measurement, greatly reduces the effect 
of source instabilities on the reliability of the measure-
ments. 
The transmittance of the water cell is given by 
MO 
T=X 	 (3) 
10 MT 
where IT  and Jo  represent the direct beam signals mea-
sured with the cell in the beam and out of the beam, 
respectively, and MT and M0 are the corresponding 
monitor beam signals. The cell windows are deliber-
ately tilted '—p5 ° with respect to the incident beam to 
avoid interreflection errors. If we denote by tQ and t w 
the transmittances of the quartz—air and quartz—water 
interfaces, respectively, by tA the internal transmit-
tance of one quartz window, and by a the attenuation 
coefficient of water, we have 
T — t 2, 2, 2 - Q W A exp(—crL), 	 (4) 




The factor (ITM0/IOMT) is measured experimentally, 
and the values of tQ2 and tw2  are calculated from the 









- - (flQ+flW) 	
(7) 
In the evaluation of a, we have made two assump-
tions: that the absorption by the quartz windows is 
negligible at wavelengths >300 nm (i.e., tA = 1) and 
that the light beam has normal incidence on the win-
dows of the cell. The validity of these assumptions is 
addressed below. 
B. Water Samples 
Low attenuation coefficients can only be obtained 
with ultrapure water.' 1 The H20 was carefully puri-
fied at the National Research Council of Canada 
(NRCC) laboratories. The D 20 was supplied through 
the auspices of Atomic Energy of Canada Limited 
(AECL) at Chalk River. We give a brief description of 
the chemical histories of the H 20 and D20 used in 
these determinations. 
The samples of H20 were prepared in three stages. 
Filtered tap water was fed into a Sybron Barnstead 
Nanopure II deionizer (four-module) to produce type 1 
reagent grade water. The second stage was to pass the 
deionized water through a Sybron Barnstead Organic-
pure (D 3600 series) system to remove organic contam-
inants. The third stage was to pass the water through 
a two-stage Quartz et Silice double distillation system 
made of pure fused silica. The resultant water was 
stored in pristine quartz vessels and was fed by gravity 
through Tygon tubing into the transmission cell. The 
cell was then sealed with a glass stopcock. At each 
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(nm) K H20 	 D20 
578 1.078 9.2 ± 0.7 	1.1 ± 0.7 
546 1.078 5.8 ± 0.7 1.2 a 0.7 
436 1.080 1.3 ± 0.7 	2.4 ± 0.7 
406 1.081 1.1 ± 0.7 2.6 ± 0.7 
366 1.082 1.4 ± 0.7 	3.7 ± 0.7 
313 1.085 4.1 ± 0.7 8.9 ± 0.7 
254 1.114 15.2 + 4.2 	32.3 a 4.7 
45 	40 	35 	30 	25 	20 	15 
Y (1000 cm - ) 
Fig. 3. Attenuation coefficients plotted on a linear scale for H20 
and D 20 as a function of frequency of light. 
stage, the contact between the water sample and air 
was kept to a minimum. It is also worthwhile noting 
that water from this system is routinely used at the 
NRCC for ferrous sulfate dosimetry where the absence 
of organic contaminants at the ppm level is crucial. 12 
The D20 sample was prepared to an ultimate enrich-
ment of 99.76% by the 112S exchange and vacuum 
distillation processes at the Maritime plants of AECL. 
A 10-kg sample of D 20 was removed from a stainless 
steel drum in which it had been stored for 9 yr since its 
manufacture. The D20 had a conductivity of 1.3-i 
Siemens, an organic impurity content of 1.1 mg/kg, an 
opacity of 0.1 nephelometric turbidity units, and a 
tritium content of <0.5 tCi/kg, characteristics similar 
to those measured prior to storage and typical of good 
quality AECL heavy water. The value of the conduc-
tivity, moreover, is identical with the theoretically cal-
culated limit for ultrapure heavy water and attests to 
its great degree of purity. The drum in which the D20 
sample had been stored did not have more than 5 1 of 
air trapped inside during the 9-yr storage period. The 
D 20 sample was shipped to the NRCC in polyethylene 
bottles and introduced into the transmission cell in the 
same way as the H20. 
Results 
The results of the measurements for light water and 
heavy water are plotted in Fig. 3 and, together with the 
correction factors K = 1/t Q2t W 2tA 2 , are given in Table I. 
Because the refractive indices of light and heavy water 
are almost identical in this frequency region, 13 the 
values of K are the same to the quoted accuracy. The 
wavelengths correspond to various lines in the mercury 
vapor-lamp spectrum. We have also done a series of 
measurements on the empty cell to check the validity 
of our calculated values of tQ above 300 nm and to 
calculate a value for tA at 254 rim. 
Error Analysis 
Writing a = -ln(KT)/L and neglecting errors in L, 
the effect on a of errors in K and T is given by  
(8) 
The uncertainty in the water cell transmittance T 
can be estimated from the repeatability of the mea-
surements from day to day. We estimate this uncer-
tainty to be ±0.3% with the exception of the measure-
ment at 254 rim. This excludes systematic errors 
which could be caused by reflections between the cell 
windows or between the sphere entrance port and the 
water cell exit window. However, we have determined 
these sources of error to be negligible by making mea-
surements on the empty water cell using the same 
geometry as for the water-filled cell and observing 
good agreement (better than 0.1%) between the calcu-
lated and measured values of tQ. 
The correction factor K has three components. The 
contribution of the quartz-air transmittance tQ is the 
most important and amounts to a correction of "-'7%. 
The quartz-water transmittance t, on the other 
hand, represents only a 0.4% correction. The internal 
transmittance tA of the quartz windows is essentially 
unity above 300 nm. Therefore, the uncertainty in tQ 
has much more importance than the uncertainties in 
either tw or tA.  Because of this, we have checked the 
validity of the calculated values of tQ by measuring the 
transmittance of the empty water cell. The values of 
tQ obtained in this way differed by <0.1% from the 
calculated values. This also confirms that the as-
sumption of normal incidence on the cell, windows 
causes negligible error: the actual angle of incidence 
on the cell windows was ''-'5 0 . Further corroboration is 
obtained by calculation of the Fresnel reflection coeffi-
cients. These calculations show that even for com-
pletely polarized light, which is the worst case, the 
transmittance at 5 0 differs from that at normal inci-
dence by <0.1%. The degree of polarization of the 
light beam was measured to be <20%. This would 
cause a completely negligible difference in transmit-
tance values between 5° incidence and normal inci-
dence. 
For a quartz thickness of 5 mm, the internal trans-
mittance tA is unity with a negligible error above 300 
rim. Again this is confirmed by our measurements on 
the empty water cell. At 254 nm, the measurements 
on the empty cell were used to calculate tA and so 
deduce the required correction factor K. 
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Fig. 4. Experimental attenuation coefficients for light water (1120) 
as a function of frequency. The solid circles with error bars repre- 
sent the present data. The data from some other experiments are 
also given for comparison. The dotted line represents the contribu- 
tion of Rayleigh scattering to absorptivity. 
3D 	30 	25 	20 	 15 
C, 0000 cm) 
Fig. 5. Experimental attenuation coefficients for heavy water 
(D20) as a function of frequency. The solid circles with error bars 
represent the present data. The data from three other known works 
are also given for comparison. The dotted line represents the con- 
tribution of Rayleigh scattering to the absorptivity. 
Based on the above considerations, we estimate the 
uncertainty in the correction factor K to be ±0.2%. 
Therefore, our estimate of the uncertainty in the mea-
sured attenuation coefficient a for either light or heavy 
water is 
Aa = 10.7 X 10 cm', 	 (9) 
which is reflected in the errors quoted for the attenua-
tion coefficients in Table I. At 254 nm, the uncertain-
ty is '--4 X 10 cm-1 due to a larger scatter in measure-
ments of the transmittance. The larger scatter in the 
measurements results from a much lower and more 
unstable output power of the lamp at this wavelength. 
In these transmittance measurements the water cell 
was replaced by air rather than a vacuum in the cell-
out position. The magnitude of the air attenuation 
coefficient would be greatest at 254 nm where it is 
-'10-5 cm. Any additional contribution from ozone 
associated with the mercury vapor lamp would not be 
>10-5 since no detectable odor was sensed. Any such 
changes in a at 254 nm are much less than the errors 
cited in Table I. 
III. Discussion 
The results of the determination of the attenuation 
coefficients of visible and UV radiation for light and 
heavy water are given in Table I. They are plotted on 
a linear scale as a function of frequency in Fig. 3. 
The results for H 20 are plotted in Fig. 4. The solid 
circles with error bars represent the present data. The 
data from other experiments are given for comparison. 
The dashed curve denotes the data of Sullivan, 5 which 
exist in the 450-400-nm and 790-580-nm ranges. The 
heavy solid curves denote attenuation coefficients 
measured by Tam and Patel 7 using an optoacoustic 
technique. The two crosses represent determinations 
by Hass and Davisson 8 at 488 and 541.5 nm using an 
adiabatic laser calorimetric technique. The circles in  
the UV joined by a light line represent the data of 
Quickenden and Irvin" where every fifth data point is 
plotted. Since the values of a of Refs. 7 and 9, and 5 
and 10, are similar, the values of a Refs. 9 and 10 are 
not plotted in Fig. 4. The contribution of Rayleigh 
scattering to the absorptivity is represented by the 
dotted line. 
The results for D 20 are plotted in Fig. 5. The filled 
circles represent our data for D 20. The data from 
three other works are given for comparison. The curve 
in the UV denotes the data of Larzul et al.6 where their 
published data have been converted to exponential 
attenuation coefficients for purposes of comparison. 
The dashed curve from 400 to 700 nm represents the 
data of Sullivan. 5 The solid curve in the IR denotes 
the attenuation coefficients measured by Tam and 
Patel7 using an optoacoustic technique. The contri-
bution of Rayleigh scattering is given by the dotted 
line. 
The attenuation in light water observed at the red 
end of the spectrum is understood in terms of molecu-
lar vibrations. 7 The corresponding states in heavy 
water are at lower energy, and no contribution is ex-
pected. This is consistent with the present data. 
At the blue end of the spectrum the attenuation is 
stronger than expected from pure Rayleigh scattering, 
specifically by a factor of'-'2.5 in the case of light water 
(Fig. 4) and by a factor of '-'7 in the case of heavy water 
(Fig. 5). However, the shape of the attenuation data is 
the same as that of Rayleigh scattering (attenuation 
proportional to v 4 ) and suggests scattering from a col-
loidal suspension of submicron size. 
IV. Conclusions 
In this work the attenuation coefficient of electro-
magnetic radiation in heavy water has been measured 
in the visible and UV region using a long-path-length 
transmittance method. The values of a obtained are 
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very much smaller than previous determinations re-
ported in the literature. In the blue region the values 
of a for D20 are slightly higher than those for H 20 and 
are probably due to slightly different levels of contami-
nation in the samples. The low measured values of a 
for D 20 indicate that the performance of a heavy water 
Cherenkov detector having dimensions of 10 m or more 
is not limited by the attenuation length of light in the 
D20 (i.e., —40 m in the frequency range of interest). 
The measurements of a for H20 agree well with the 
best (i.e., lowest) values of a from previous determina-
tions. Another conclusion from this work centers on 
the importance of the purity of the water samples. 
Further progress in lowering the measured values of a, 
particularly in heavy water, hinges on improving water 
purity. 
D. Sinclair was on sabbatical leave (1984-1985) with 
the Department of Physics, Queen's University, 
Kingston, Ontario, Canada K7L 3N6. 
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The only direct information on the reactions which 
power the sun is carried by neutrinos escaping from 
its dense interior. The pioneering experiment of 
Davis et al. [1] did not observe the expected [2] flux 
of neutrinos and the discrepancy, known as the solar 
neutrino problem (SNP) is widely considered a 
major problem in modern physics. Two categories of 
solutions of the problem have been extensively dis-
cussed. The first assigns some deficiency to the stan-
dard solar model (SSM) and many mechanisms have 
been suggested to lower the central temperature of 
the sun thus reducing 8B production [31. The second 
assigns some deficiency to our knowledge about neu-
trino propagation. Pontecorvo originally suggested 
that the reduction in v, flux at earth may be caused 
by large mixing angle oscillations of neutrinos 
between weak interaction eigenstates [4]. More 
recently, Mikheyev and Smirnov [5], following the  
theoretical framework of Wolfenstein [6], have 
shown that a mechanism exists whereby, if this mix-
ing of eigenstates is postulated, a large fraction of v, 
created in the solar interior could be converted into 
v(v), even for very small vacuum mixing angles. 
Weinberg [7] suggested that the sun is a unique 
source offering a rare opportunity to search for neu-
trino oscillations to test unification theories beyond 
the electroweak sector. He argued that such theories 
lead naturally to the heaviest neutrino mass of about 
10 eV, a range for which solar experiments, with 
matter enhancement, are particularly sensitive. Other 
suggested solutions to the SNP include the possibil-
ity of neutrino decay [8] or neutrino magnetic 
moment [9]. 
In this letter we discuss how the sensitivity of a 
large heavy-water Cerenkov detector to the solar 8B 
Ve flux, spectrum and direction, to the total solar 8 B 
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Fig. I. A conceptual design of a detector for 8 B solar neutrinos. 
Neutrinos interacting in the heavy water can produce relativistic 
electrons which emit Cerenkov light. This light is detected in an 
array of phototubes covering 40%  of the surface. The detector 
would be located at a depth of 2070 m in the Creighton mine near 
Sudbury, Canada. 
neutrino flux independent of the neutrino flavor, and 
to the v spectrum and direction, could be exploited 
to distinguish among the suggested solutions of the 
SNP, hence resolving this problem. In particular, such 
an experiment allows the sun to be used as a distant 
neutrino source for physics experiments free of 
assumptions of the standard solar model, and also 
allows a definitive test of the standard solar model 
free of complications from proposed new neutrino 
properties. This experiment would have a sensitivity 
some 50 times greater than that of the Davis exper-
iment [1]. 
A conceptual design of our proposed detector is 
shown in fig. 1. It would consist of 1000 t of 99.8% 
pure heavy water (13 20) contained in a transparent 
tank viewed by phototubes covering 40% of the sur -
face area. Relativistic particles are detected by the 
erenkov light they produce in the water. To address 
the SNP it is necessary to study electrons of energy  
5-14 MeV. Monte Carlo simulations of the detector 
indicate that the energy of 10 MeV electrons can be 
measured to 15% accuracy (a), their direction deter-
mined to 250,  and their location to 1 m. An essential 
consideration in the design of a solar neutrino exper-
iment is that the backgrounds be made very low. We 
intend to locate the detector in the Creighton mine 
near Sudbury, Canada, under a flat overburden, at 
a depth of 2070 in to reduce cosmic-ray muon flux 
to about bOld. The sensitive volume of the detector 
is shielded from radioactivity in the rock by 1 m of 
low activity concrete and 3 in of purified light water. 
All components of the detector would be made of low 
activity materials. A detailed assessment of the 
detector performance and background has been 
reported elsewhere [101. 
The detector would identify neutrinos through 
three complementary reactions: inverse-beta decay 
of the deuteron, neutrino-electron scattering, and 
neutrino-disintegration of the deuteron. The rates for 
these reactions under several scenarios are summa-
rized in table 1. 
The v,, flux, spectrum, and direction would be 
measured via the charged-current reaction 
ve +dp+P+e. 	 (I) 
Monoenergetic neutrinos produce electrons which are 
almost monoenergetic with kinetic energies approx-
imately E, - 1. 44 MeV [11], and hence this reaction 
is well suited to spectroscopic studies. The electrons 
would have an angular distribution with respect to 
the neutrino direction given by W(O e ) = 1 - 
xcos(O e ). 
The second reaction to be used in neutrino-elec-
tron scattering: 
v0 +e-+v+e. 	 (II) 
In standard electroweak theory, while all neutri-
nos can scatter by the neutral current process, only 
the v, can interact through the charged current with 
the result that the cross section for Ve [121 is 6 times 
larger than that for v [13 ]  or v 1 . Thus, this reaction 
is mainly sensitive to the Ve flux; but with an inde-
pendent measurement of the Ve flux and spectrum as 
described above, it can give a measure of the total 
neutrino flux. For a 8B v spectrum, the yield for this 
reaction is an order of magnitude smaller than that 
of reaction (I) as can be seen in table 1. Electrons 
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Table I 
Response of the detector to solar neutrinos. The rates above the indicated threshold are given in events per kilotonne year (kT yr) 
assuming a 8 13 neutrino flux [19] of 4 X 10' cm 2 s 1  except in the last row, as indicated. The total scattering rate is given together with 
the v M , component, in parentheses, to indicate the increase in rate for reaction II over the value expected from a measurement of reaction 
1. 
Case 	 vd—.ppe 	 ve—.ve 	 vd-.pvn 
>5MeV 	>9MeV 	>5MeV 	>9MeV 
standard solar model 6500 1530 730(0) 120(0) 710 
vacuum oscillations 2170 510 320(78) 52 (12) 710 
matter oscillations 
E=9MeV 2500 50 430 (53) 30(14) 710 
E=2MeV 65 15 115 (110) 18 (17) 710 
non adiabatic limit 
in 8 B energy range 2500 650 325 (72) 58 (10) 710 
standard solar model wrong, 
flux 1.3x106 cm 2 s 2170 510 240(0) 40(0) 240 
Assumes 20% neutron capture efficiency. 
from this reaction are kinematically constrained to 
the forward cone, thus providing excellent direc-
tional information on the flux. In heavy water, these 
events can be separated from those of reaction (I) 
by their strong forward peaking though a better 
measurement would come from a light water fill with 
no events from reaction (I). Because the electron 
spectrum gives an integral of the neutrino flux, 
and because of the lower yield, this reaction is less 
useful for spectroscopic studies than reaction (I) (see 
fig. 2). 
Finally, the total (left-handed) neutrino flux, 
independent of neutrino flavor, can be measured by 
the neutral-current reaction 
v+d-v+p+n. 	 (III) 
This reaction rate would be determined by counting 
the free neutrons produced. Chen [14] has pointed 
out that this reaction is particularly important for 
resolving the SNP because it gives a direct measure 
of the solar 8B neutrino production independent of 
oscillations. The rate for this reaction is large, but 
the detection efficiency for free neutrons depends 
sensitively on the choice of capture reaction. The 
simple choice, i.e. capture on the deuteron, has a low 
efficiency due to competing capture reactions and 
diffusion out of the D 20. Nevertheless, we have used 
it for the detection rates shown in table 1. There is 
a serious background problem for this reaction from 
photo-disintegration of the deuteron. Work on puri- 
fying and monitoring water and acrylic for radioiso-
topes is continuing [10]. 
Mikheyev and Smirnov [ 5 ] observed that, in mat-
ter, vacuum neutrino oscillations can be amplified 
and a number of authors [5,15-18 ] have elaborated 
on this to show three new solutions to the SNP in the 
oscillation parameter space, with typical cases B, C, 
and D to be discised below. The essential feature 
of all oscillation hypotheses for solving the SNP is 
that there be a substantial v 1 (v) flux with a corre-
sponding reduction in the Ve flux from the SSM pre-
diction. Thus, the charged-current rate is decreased 
as required to explain the SNP, ve scattering has a 
rate roughly 30% higher than expected on the basis 
of reaction (I) as shown in table 1, and the neutral-
current rate remains consistent with the SSM, 
unchanged by any oscillation solution as already 
emphasized [141. In addition, for some cases, gross 
distortions of the 8B Ve spectrum would be observed 
as shown in fig. 2. 
Case A. Vacuum oscillations of three neutrino fla-
vors with large mixing angles and with mass-squared 
differences (5m 2 ) greater than 10 - " eV'. This is 
basically the Pontecorvo oscillation solution. Key 
features are the rates for reactions (II) and (III) rel-
ative to reaction (I) as shown in table 1, and 
unchanged Ve spectral shape. 
Case B. For values of (m 2 ) in the range 
(0.33-1.5) x 10 4 eV 2 , the high-energy part of the 8B 
spectrum above an energy Ec is converted to v 1 (vi ). 
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Fig. 2. Calculated spectra for reactions I (capitals) and 11(10w-
ercase) for some possible solutions of the SNP. Curves A and a 
are for vacuum oscillations (case A in text); B and bare for con-
version of high energy v (case B); C and c are for non-adiabatic 
conversion (case Q. It is clear that reaction I is significantly bet-
ter than reaction II for measuring the neutrino spectrum 
The SNP could be explained by 2< Ec <9 MeV. E 
near 9 MeV leads to a gross change in the Ve spec-
trum measured with reaction (I) as shown in fig. 2. 
If E0 is below the experimental threshold then an 
identifying feature is a modest counting rate for 
reaction (II) with a very low rate for reaction (I) as 
indicated in table 1 for Ec of 2 MeV. In such a case, 
the possibility of measuring the spectrum and direc-
tion of v(v5 ) through reaction (II) would be impor-
tant in identifying the sun as a source of 8B neutrinos. 
Case C. The non-adiabatic limit is reached in the 
8B spectrum [5,16,17]. In this case, low-energy v, 
are converted more than high-energy Ve. Changes in 
the Ve spectrum are gradual and therefore not easy to 
measure as shown in fig. 2. However, the counting 
rates for reactions II and III can also be used to iden-
tify this case. 
Case D. The resonant condition may be satisfied 
in the sun at terrestrial densities (between 5 and 12 
g cm -3 ). Then v, can be converted to V(V5 ) in the 
sun and reconverted back to Ve, in traversing the 
earth, provided that the mixing angle is large enough  
[18]. In this case, the detector would observe an 
enhanced Ve flux at night while observing the total 
neutrino flux to be constant. 
Case E. Neutrino decay [8]. In this case, the Ve 
spectrum, as observed by reaction (I), would be dis-
torted in a way similar to that in case C, because more 
of the low-energy Ve would have disappeared. If Ve is 
the lightest neutrino, then v(v 5 ) cannot be pro-
duced in v decay, so reactions (II) and (III) rates 
would be determined from measurements of reac-
tion (I). Otherwise, reactions (II) and (III) rates 
might be greater than expected from reaction (I), 
depending on decay mode. 
Case F. Neutrino magnetic moment [9]. In this 
case, one would observe a correlation of the neutrino 
flux with the solar cycle, as well as a semi-annual cor-
relation with the intercept of the solar equatorial 
plane and the ecliptic plane. 
Case G. Standard solar model wrong. In this case, 
the observed spectrum in reaction (I) would be that 
expected for 8B decay. Reactions (II) and (Ill) would 
have rates consistent with the Ve flux observed with 
reaction (I), as shown in table 1, rather than the pre-
dicted rates of SSM. Furthermore, all three reaction 
rates would be independent of time. 
To study neutrino physics independent of the SSM, 
one needs to confirm that the sun is a source of 8B 
neutrinos. Bahcall has examined the 8 13 flux pre-
dicted by non-standard solar models [19] and noted 
[2] that unless the 8B flux is postulated to be zero, 
the minimum predicted flux is 5.4x lO cm- 2 s— 1. 
This can be compared with our minimum observa-
ble flux of5x 104  and 2x lO cm 2 s' by reactions 
(I) and (II), respectively (3 a measurement in a kT 
yr, allowing for the expected backgrounds and fidu-
cial cuts). Our minimum observable 8 B flux via reac-
tion (III) depends critically on both backgrounds and 
detection technique, and these are being studied with 
encouraging results. An ultimate sensitivity within 
the above range is anticipated. 
To test the standard solar model free of compli-
cations from new neutrino properties discussed, cor-
rections may have to be made on the three observed 
neutrino reactions to determine the solar 8B source 
intensity. However all (left-handed) neutrino oscil-
lation solutions, whether matter enhanced or not, 
leave the rate for reaction (III) an invariant measure 
of the primary 8 B flux. 
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This experiment could not be contemplated with-
out access to a large amount of heavy water and a 
suitable deep site. A stock heavy water exists in Can-
ada for use in future CANDU reactors and we are 
grateful to AECL for agreeing to lend 1000 tonnes 
for this project. The encouragement and cooperation 
of the International Nickel Company (INCO) has 
been vital to this project. The support by NSERC and 
NRC (Canada), and NSF and DOE (US), is grate-
fully acknowledged. 
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c-pill 
a reprint from Applied Optics 
Optical properties of UV transmitting acrylics for use in a heavy 
water Cerenkov detector 	- 
Joanne C. Zwinkels, W. F. Davidson, and C. X. Dodd 
The absorption, refraction, and scattering properties of several UV transmitting acrylics have been investi-
gated over the wavelength range 300-700 nm using a combination of near-normal incidence regular transmit-
tance and reflectance and diffuse-only reflectance measurements, followed by a Fresnel and a Kubelka-Munk 
analysis. The samples were evaluated in the as-cast and thermoformed forms, and both before and after an 
accelerated aging procedure. The results show significant differences in the optical behavior of the various 
acrylics in the UV region and stress the importance of carefully characterizing acrylic from different sources 
for each intended use. In our case, acrylic is the proposed material for a heavy water containment vessel for 
the detection of solar neutrinos. The significance of our findings to the overall performance of this Cerenkov 
detector, known as the Sudbury neutrino observatory detector, is discussed. 
I. Introduction 
A deep underground neutrino observatory, known as 
the Sudbury neutrino observatory (SNO) detector, has 
been proposed.' It will be located at the Creighton 
mine of INCO, Ltd., near Sudbury, Ontario. A crucial 
component of this detector is the 1000 tons of enriched 
D20 as a neutrino detecting medium. As shown in Fig. 
1, the D 20 will be contained within a transparent cylin-
drical acrylic vessel of 5-cm wall thickness immersed in 
a large volume of H20. The yield of Cerenkov radia-
tion resulting from the interaction of solar neutrinos 
with D20 is low; for a 7-MeV neutrino only —1140 
photons are generated. Successful reconstruction of 
an event dictates that attenuation of radiation in tran-
sit from the initial interaction point to the photomulti-
plier tubes be kept to a strict minimum. An investiga-
tion on attenuation of visible and UV radiation in 
purified D20 and H20 was previously reported, 2 and it 
was found that attenuation in these media was suffi-
ciently low so as not to compromise the operation of 
the detector. In this paper we address the experimen-
tal determination of the optical properties of the acryl-
ic vessel. 
The material for the containment of the D20 must 
satisfy several criteria. First of all, the material must 
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have uranium and thorium concentrations at or below 
the 10-12  gIg level; it must have very high UV and near 
visible transmittance; it must retain its properties es-
sentially unchanged over 5-10 yr exposure to pure 
water; it must be robust and retain its mechanical 
integrity; and because of its size (10 in diameter) its 
components must be easily joined in situ. The above 
considerations led to the selection of acrylic. Acrylic is 
the plastic equivalent of crown glass with respect to its 
optical properties. It is relatively inexpensive, tough, 
and has almost infinite design flexibility. It possesses 
the requisite low levels of radioactive contamination. 
Most commercially available acrylics are not suitable 
for our particular application as they contain UV ab-
sorbing stabilizers to prevent tarnishing on exposure to 
sunlight. There does exist, however, an emerging class 
of premium high quality UV transmitting acrylics, but 
detailed information about their optical behavior is 
not available in the literature. 3 The present paper 
reports our findings on the optical properties of several 
candidate UV transmitting acrylics, particularly as 
they relate to the performance. of the SNO detector, 
but also as they have important implications for other 
technological applications, such as the design of UV 
optical systems. 
The optical properties of acrylic exert a strong 
influence on how light is propagated from a neutrino 
interaction point within the D20 to the PMTs ar-
ranged on the periphery of the H20 shield. The trans-
mittance of the acrylic has to be the highest attainable, 
especially in the blue and near UV spectral regions 
where the PMT responsivity is a maximum 7 and the 
yield of Cerenkov radiation is increasing. Not only is 
it necessary to characterize the UV absorption and 
scattering properties of the virgin acrylic but it is im- 
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Fig. 1. Conceptual design of proposed neutrino detector. The 
heavy water is contained in a cylindrical acrylic vessel and is shielded 
from activity in the rock by low activity concrete and light water. 
The Cerenkov radiation is detected by an array of photomultiplier 
tubes located in the light water. The dimensions of the cavity are 20 
m diameter and 30 m height. The detector will be sited at a depth of 
2070 m. 
portant operationally to determine how these proper-
ties are affected by thermoforming and by prolonged 
immersion of the acrylic in liquids such as D 20, H20, or 
a weak solution of brine, to which it will be exposed at 
the observatory. The leaching action of ultrapure wa-
ter on acrylic can deplete the acrylic surface of lighter 
molecular weight components leading to significant 
environmental stress cracking, 8 ' 9 which increases ab-
sorption and scattering. However, experience with 
large scale acrylic structures in sea water aquaria over 
the long term indicates minimal deleterious effects 
with respect to environmental stress cracking.'° 
Spectral transmittance and reflectance measure-
ments were selected for the optical characterization of 
the various candidate UV-grade acrylic specimens. 
From these measurements a consistent set of spectral 
optical properties—refractive index, absorption coef-
ficient, and scattering coefficient—was derived. This 
spectrophotometric method was selected for its sim-
plicity and its ability to provide reasonably accurate 
(within 10%) optical constant data for weakly absorb-
ing materials over a wide spectral range and with mini-
mum sample preparation. 11 Both as-cast and thermo-
formed acrylic specimens were evaluated as-received, 
and after being subjected to an accelerated aging pro-
cess. These data will assist in selecting the optimum 
acrylic for the SNO facility and are already being used  
as input in the Monte Carlo simulations of the neutrino 
detector response. 
II. Acrylic Samples and Aging 
A. Study on As-Cast Samples A, B, and C 
Premium UV-grade cast acrylic sheets from three 
specialist suppliers: Polycast Technology Corpora-
tion, CY/RO Industries, and Rohm GmbH (Germany) 
were selected for this initial study. Precise details of 
the processing histories, such as stabilization and poly-
merization, of the various acrylics were kept propri-
etary by the suppliers. In no particular order, these 
specimens are denoted here as A, B, and C. The 
thickness of the sheets was nominally 25 mm. Speci-
mens of dimensions 35 X 35 mm were cut and the 
protective paper removed. Apart from careful clean-
ing of the exposed surfaces with a nonfluorescent soap 
solution, no optical polishing of the exposed faces was 
performed so that conditions similar to those that 
would prevail operationally in dealing with a 30-ton 
acrylic vessel in the field would be approximated as 
closely as possible. 
For the aging study, the acrylic samples were totally 
immersed in solutions of ultrapure H 20, D20, and a 
2.3% NaCl aqueous solution in quartz beakers, each 
covered with a quartz lid. The ultrapure H 20 was 
taken from a double distillation system made of fused 
silica. The D20 was of similar high chemical purity. 
The brine was made up from the ultrapure H 20 with 
2.3% reagent grade NaCl. The concentration of NaCl 
is lox that which is envisaged for the SNO detector. 
The beakers plus contents were placed in a constant 
temperature oven for 46 days at 66°C, a temperature 
safely below the onset of complicating phase changes 
(glass transition) known to occur around 90-105'C in 
commercial acrylic. 12 Thereafter, all samples re-
mained immersed in their respective beakers except 
when a particular sample was removed for the purpose 
of measurement. Assuming that chemical reactivity 
increases for every 10°C rise in temperature 13 by be-
tween a factor of 2 or 3, we can simulate the operation 
of the SNO detector at 10°C over 10-15 yr by a 1-2 
month exposure under these aging conditions. Acrylic 
blanks were not subjected to elevated temperature but 
were kept in air at room temperature. 
B. Study on As-Cast and Thermoformed Samples D, E 
A second batch of premium UV-grade cast acrylic 
samples was provided in duplicate by two of the spe-
cialist suppliers for tests connected with the thermo-
forming process. In one case the thickness was 50 mm, 
and in the other 69 mm. Each supplier furnished us 
with two slabs of dimensions 90 X 20 cm, from which 
our samples were cut. These samples, denoted D and 
E, were subjected to thermoforming procedures simi-
lar to those that will prevail when the cylindrical seg-
ments of the acrylic vessel are formed. The thermo-
forming was carried out over a metallic form in two 
ways: the bare metal was used in one batch and, in the 
other, a rubber flocking coated the form. The surfaces 
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were kept in the as-delivered state, except for mild 
cleaning with nonfluorescent soap. For the aging 
study, the acrylic samples were immersed only in the 
ultrapure H20 as described in Sec. II.A. 
Ill. Experimental Methods 
To predict accurately the path and attenuation of 
the Cerenkov photons in the acrylic vessel and the 
losses at the acrylic-water interface, it is necessary to 
characterize the absorbing, scattering, and refracting 
properties of the acrylic. The theoretical models used 
for determining the optical properties are described 
below, as are the details of the instrumentation and the 
verification of the experimental and computational 
procedures. 
A. Refractive Index and Absorption Coefficient 
The absorbing and refracting properties of a homo-
geneous, isotropic material are described by the ex-
tinction coefficient K and the refractive index n respec-
tively, which are functions of wavelength. These are 
termed the optical constants and are intimately con-
nected with the constitutive nature of the material. 
Several experimental methods exist for the determina-
tion of n and ,c,14  with the method of choice usually 
being determined by the magnitudes of n and K, the 
desired wavelength range, and the instrumentation 
available. 
In our case, we wanted to characterize the optical 
constants of a weakly absorbing material—acrylic-
over a wide wavelength range—from 300 nm to 700 nm. 
The most commonly used method under these circum-
stances is the measurement of normal incidence regu-
lar transmittance and near-normal incidence regular 
(specular) reflectance, followed by a Fresnel analysis, 
often referred to as the (R 7) method. 15  Since we have 
a high precision spectrophotometer with which to per-
form these photometric measurements, this was the 
method we adopted. 
The Fresnel relationships connecting the front-sur-
face primary reflectance R and the bulk or internal 
transmittance T for normal incidence, with the optical 
constants ii and K at each wavelength A are: 
(1) 
(n + 1)2  + K 2 
T = ex ( 4") 	 (2) 
where d is the sample thickness. 
In Eq. (2), the term 47rK/A is often described by the 
absorption coefficient a giving the familiar Lambert's 
law: 
T = exp(—ad). 	 (3) 
The measured sample reflectance and transmit-
tance usually differ from the Fresnel quantities in Eqs. 
(1) and (2) because of multiple internal reflections 
which augment the primary reflectance and reflection 
losses, respectively. It is possible to restrict the reflec-
tance measurement to reflectance from the front sur-
face by making the sample wedge-shaped, or grinding  
the back surface and blackening it, and to reduce the 
reflection losses in a transmission measurement by 
immersing the sample in a medium of similar refrac-
tive index. However, aside from the obvious inconve-
nience of these procedures, it was considered advanta-
geous to include the reflectance contribution from the 
back face, and to measure the samples in air. This 
enhances the measured reflectance, thereby improving 
its measurement accuracy, and also provides a more 
sensitive indicator of the sample's refracting proper-
ties. 
For a plane-parallel sample, the relationship con-
necting the measured normal-incidence reflectance R* 
and transmittance T* with the quantities, R and Tare: 
(1—R)2T 	
(4) 
1—R  2D2 
R* = R(1 + TT*). 	 (5) 
This is the model we assumed for the analysis of the 
R*T* data. Since analytic solutions to n(R,fl and 
K(R,T) do not exist, we obtained a numerical solution 
by a successive approximation procedure. The values 
of n and K, at each wavelength, were optimized to be 
consistent with the measured reflectance, transmit-
tance, and thickness data, within their experimental 
uncertainties. The convergence criterion used was 
that both the calculated reflectance and transmittance 
agree with the measured values to better than ±0.004 
and ±0.008 units, respectively. 
B. Scattering Coefficient 
The path and attenuation of the Cerenkov photons 
in the acrylic vessel are largely determined by regular 
reflections and absorption, i.e., by the optical con-
stants of the acrylic. However, if the acrylic does not 
have an optically smooth surface or contains inhomo-
geneities, such as bubbles or impurities or other densi-
ty fluctuations, these imperfections will act as light 
scattering centers, perturbing the photon's travel, and 
hence will contribute to losses. It was therefore im-
portant to obtain an estimate of these scattering losses 
in the candidate acrylics. 
A common method of estimating scattering coeffi-
cients in turbid media is to measure the diffuse reflec-
tance and to apply a Kubelka-Munk (K-M) analysis. 
Diffuse reflection comes about through penetration of 
a portion of the incident flux into the interior of the 
sample where it undergoes absorption and multiple 
scattering at uniformly and randomly distributed par-
ticles before finally emerging back through the surface 
through which it entered. 16  According to K-M theory, 
the diffuse reflectance (Re,) for an infinitely thick (op-
tically opaque) sample depends exclusively on the ra-
tio of the absorption to scattering coefficient called the 
K-M remission function, 16 ' 17 F(R-), 
a (1R 2 
F(RJ = = 	
j 
. 	 (6) 
Thus the scattering coefficients S may be deter-
mined from measurements of R if the corresponding 
a values are known. In our case we have the complica- 
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tion that the acrylic samples are not optically opaque. 
An approximation to the opaque reflectance R0, can, 
however, be obtained from one of the K-M solutions, 18 
which is: 
	
=a -(a 2  - 1) 1/2, 	 (7) 
where a is given by 
R0 - R + R 
a = o.5[R + 	
R0Rg 	
(8) 
and R0 is the reflectance of the translucent sample over 
an ideal black background; R is the sample reflectance 
over a white background; and Rg is the reflectance of 
the white background material itself. This was the 
procedure used to determine the scattering properties 
of the candidate acrylics. 
C. Instrumentation and Verification of Methods 
The spectral transmittance and reflectance data 
were obtained with a Perkin-Elmer Lambda-9 (PE X-
9) spectrophotometer equipped with the appropriate 
sampling accessory. Measurements were carried out 
from 300 to 700 nm at 5-nm intervals, and at ambient 
temperature. 
The regular transmittance spectra were measured at 
normal incidence in a near-collimated beam (the maxi-
mum angle of convergence is 4°) with an irradiated 
sample area of —'2 X 10 mm. Two independent mea-
surements were recorded on each specimen, oriented 
in two mutually orthogonal directions. This proce-
dure, followed for all the spectrophotometric measure-
ments reported here, checked for sample nonuniformi-
ties. Since the instrument possesses a high degree of 
polarization, 19 this procedure also checked for sample 
birefringence, which was of particular concern for the 
thermoformed specimens. The agreement between 
these two curves was typically 0.003 transmittance 
units and in the worst case 0.006 transmittance units. 
The average result was therefore used in the optical 
constant calculations. 
The regular reflectance spectra were measured with 
a VW accessory in the PE X-9 sample compartment, 
which gives a direct measure of the square of the abso-
lute specular reflectance for a 7.5° incidence angle. 
This assumes that the optical path lengths traversed 
with and without the sample in the beam are identical. 
The accuracy of the method is therefore optimum for 
highly reflecting opaque materials but can produce 
accurate results for low reflecting transparent materi-
als if suitable precautions, discussed below, are taken. 
The optical alignment of the VW accessory was 
checked with a calibrated second-surface aluminum 
mirror (NIST SRM 2023), which is —'80% reflecting. 
Two different thicknesses (1.6 and 9.6 mm) of plane-
parallel Suprasil, which are —'7% reflecting, were used 
to check the photometric accuracy at low reflectance 
levels and the effect of sample thickness on the detect-
ed fraction of second surface reflection. To eliminate 
reflections from surfaces behind a transparent speci-
men, such as Suprasil, it must be backed with an ab-
sorbing material. We used a piece of black felt which  
is :50.5% reflecting from 300 to 700 nm, and the acrylic 
specimens were measured in an identical manner. 
The average difference between the NIST calibration 
values for SRM 2023 and those obtained with the VW 
accessory was 4:0.002 reflectance units. The agree-
ment between the Suprasil reflectance values comput-
ed from the Amersil catalog optical constant data, and 
the measured data for both the thin and thick speci-
mens was better than 0.003 reflectance units. This is 
the estimated uncertainty of the VW accessory at the 
—'10% reflectance level, and a second-surface recess of 
:5 10 mm. However this error will increase for samples 
that are not optically plane and parallel or are further 
recessed. 
The (RT) analysis requires plane-parallel samples 
and an accurate measure of the sample thickness. 
Each acrylic specimen was measured at the four cor-
ners with a high accuracy micrometer (0.01 mm) and 
the average result was used in the optical constant 
calculations. The thickness uniformity varied from 
±0.01 mm to ± 0.16 mm depending upon the sample. 
This thickness nonuniformity introduces negligible er-
ror in the calculated transmittance because of the large 
sample thicknesses involved here but may have a seri-
ous effect on the calculated reflectance because the 
condition of parallelism is no longer satisfied. 
Diffuse reflectance spectra were measured on the 
PE X-9 equipped with a 150-mm diam integrating 
sphere accessory coated with BaSO 4. The measure-
ment geometry was 8° incidence, hemispherical collec-
tion with the specular component excluded. The irra-
diated area of the specimen was —'5 X 15 mm and the 
reference standard was pressed polytetrafluoroethyl-
ene (PTFE) powder, whose absolute reflectance is cer-
tified with a relative uncertainty of 4:0.5%. For the 
measurements of acrylic over a white and black back-
ground, a 3-mm thick white Russian opal glass and a 
piece of black felt were used, respectively. The repro-
ducibility of these measurements was typically better 
than ±0.003 reflectance units. 
The procedure for determining n and a values from 
combined R T measurements and using the a values to 
calculate the scattering coefficient from diffuse reflec-
tance measurements is not new and has been applied 
successfully by Kortum et al. 17 to several colored glass 
filters. However, in that study, the specular reflection 
component in the diffuse reflectance measurement 
was eliminated by grinding the samples to a powder 
and diluting with a nonabsorbing powder. Since we 
did not want to alter destructively the physical proper-
ties of the acrylic samples, we performed diffuse-only 
reflectance measurements, relying on the ability of the 
instrument's gloss trap to exclude the specular compo-
nent. To verify this approach, we performed an iden-
tical set of measurements and optical constant analysis 
on a —'2 mm-thick didymium glass filter. Since this is 
a translucent specimen, it was necessary to estimate its 
opaque reflectance in the manner described for the 
acrylics. This test specimen is perhaps an extreme 
example since it is highly spectrally selective, exhibit-
ing many sharp minima and maxima. However, the 
computed refractive index at 590 nm of 1.69 is in 
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Fig. 2. Absorption coefficients for unaged acrylic samples A, B, and 
C as determined using the (RT) method. 
excellent agreement with the Schott catalogue value of 
1.69 (567.6 nm) and the logarithm of the absorption 
coefficient curve (log a) and the logarithm of the re-
mission curve [log F(R) = log a - log S] are in reason-
ably good agreement with the corresponding curves 
reported by Kortum et al. 17 The only significant dis-
crepancy occurs at -'580 nm where both the measured 
regular transmittance and diffuse reflectance are 
-'0.0001 units. 
IV. Results 
A. Aging Study on Samples A, B, and C 
The absorption coefficients a for as-cast acrylic 
samples A, B, and C, determined by the (RT) method 
are shown graphically in Fig. 2 from 300 to 500 nm. 
While there is essentially very little change in absorp-
tion above 400 nm where the curves are relatively 
featureless, there exist very large variations in the 
range 300-400 nm, the extent of which is sample de-
pendent. The increased absorption at the shorter wa-
velengths is largely due to the tail of the UV absorption 
peak, known as the Urbach edge, which has a wave-
length dependence approximated by: 
a a° exp() 	 (9) 
where A and a° are constants. 20 
The corresponding values of refractive index n de-
rived for the acrylic samples by the (R T) method were 
in poor agreement with the literature values. For 
example, at 400 nm, the computed n values for the 
three samples ranged from 1.42 to 1.45 compared with 
a literature value of 1.507.21  This result is not surpris-
ing, since the (RT) method is known to be particularly 
sensitive to minor experimental errors in the measured 
reflectance and transmittance. As discussed in Sec. 
III.0 the accuracy of the VW measurements of abso-
lute regular reflectance requires that the optical path 
lengths traversed with and without the sample in the  
beam be identical. For a thick transparent sample, 
where the reflectance contribution from the back sur-
face is relatively large, this condition is not satisfied. 
This situation occurs for those acrylic specimens which 
are -'25-mm thick, although the associated systematic 
error decreases with decreasing wavelength (due to 
increasing absorption). To reduce this error in n, the 
(RT) measurements should be performed on a thinner 
specimen so that the actual displacement of the back 
surface is minimal. Unfortunately, this measurement 
is then a less sensitive indicator of a because of reduced 
absorption losses. An obvious solution to the dilemma 
is to determine n from an (RT) analysis on a thin 
acrylic specimen and to use these values as good initial 
estimates in a Lambert's law analysis of transmittance 
measurements on two different sample thicknesses to 
obtain a consistent set of n and a values for the three 
independent photometric measurements. This proce-
dure is referred to here as the (RTT') method. 
A comparison between the (RTT') method and the 
(RT) method is shown in Table I for acrylic sample A at 
selected wavelengths. The n and a values were de-
rived from R and T measurements on a 25-mm thick 
specimen for the (RT) method and from R and T 
measurements on a 10-mm thick specimen and Tmea-
surements on a 25-mm thick specimen for the (RTT') 
method. Where available, literature n values have 
been included for comparison. It can be seen that the 
(RT') method provides n values much closer to those 
obtained by more direct means (e.g., measurements of 
prism refraction or total internal reflection) than the 
(RT) method. This is not a serious error for our appli-
cation, since the n values are only needed to compute 
the reflection losses at the acrylic-water interface 
which are '-0.4%. The reliability of the a values is a 
Table I. Comparison of UV Optical Constants Obtained for Unaged 
Acrylic Sample A by (RT) and (RTT') Methods' 
n(A) 	
a(\) cm - ' 
 
A (nm) (RT) (RTT') lit.6 (RT) (RTT') 
300 1.524 1.492 0.410 0.424 
310 1.478 1.509 0.091 0.093 
320 1.470 1.516 0.061 0.059 
335 1.463 1.514 0.038 0.037 
350 1.456 1.514 0.025 0.022 
365 1.452 1.510 1.514 0.017 0.014 
385 1.450 1.511 0.010 0.007 
405 1.448 1.505 1.507 0.009 0.006 
a For details of measurements, see text. 
b R.M. Altman and J.D. Lytle, Proc. SPIE 21, 380 (1980). 





















Fig. 4. Absorption coefficients for acrylic samples B and C follow- 
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Fig. 5. Opaque diffuse reflectance, R,,, of unaged acrylic sample A 
from 300 to 700 nm as derived from one of the Kubelka-Munk 
solutions in which R0 is sample reflectance over black felt back-
ground, R is the sample reflectance over a white opal background, 




































































- 	 Blank 
Ii20 
0 20 
NaCl + H 20 
- \ 
I 	 I 
300 	320 340 	360 	380 	400 
Wavelength (nm) 
Fig. 3. Absorption coefficients for acrylic sample A following aging 
in various liquids. 
more serious concern since they have a greater impact 
on the overall detection efficiency. For a 2.5-cm thick 
acrylic vessel, the relative difference in attenuation 
predicted by the two sets of a values in Table I is <5%. 
Consequently, we adopted the set of n(X) values deter-
mined for acrylic sample A by the (RTT) method as 
representative of the various UV transmitting acrylics 
and used the simpler (RT) method to obtain a(X) data 
for each of the acrylic specimens, before and after 
aging. 
Figure 3 gives the a values derived for acrylic sample 
A, after aging in ultrapure H 20, D20, and a brine 
solution, as described in Sec. II.A. Comparison with 
the as-received specimen indicates a similar signifi-
cant increase in absorption irrespective of the particu-
lar liquid into which the acrylic was immersed. Thick-
ness measurements showed that the sample had 
swollen by -0.1 mm. These observations were gener-
ally true for acrylic samples A, B, and C. However, the 
extent of the increased absorption upon aging was 
sample dependent, as can be seen in Fig. 4 which 
compares a curves for as-received and aged samples B 
and C. The error bars indicate the range of a values 
measured for the different immersion liquids. 
To obtain complementary data about the degree of 
light scattering from the various candidate acrylics, 
diffuse reflectance measurements were carried out as 
discussed in Sec. III.B. Figure 5 gives an illustration 
of the procedure for estimating the opaque diffuse 
reflectance R0, of the acrylic by Eq. (7) from measure-
ments of the diffuse reflectance of the acrylic over a 
black background R0, over a white background R, and 
of the white background itself Rg. 
Since K-M theory does not take account of regular 
reflection, the K-M equations are only valid for mea-
surements of the diffuse component of reflected flux. 
Here we have assumed that the instrument's gloss trap 
excludes this regular component. The validity of this 
basic approach has been checked (Sec. III.C), but even 
a small systematic error can be significant when the 
sample reflectance is low. To evaluate the magnitude 
of this error we performed diffuse reflectance measure-
ments on a piece of high optical quality quartz. This 
test sample should be representative of the error in-
curred with the acrylics since its regular reflectance is 
of the same order as that of the acrylic samples (-'7%). 
If the gloss trap was perfect, its diffuse reflectance 
should measure zero. Instead, we found this system-
atic error to be measurably small but increasing with 
decreasing wavelength, being 0.0002-reflectance units 
at 700 nm and 0.0007 reflectance units at 300 nm. 
Since the measured diffuse reflectance of the acrylics 
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over black backing is very low (5 1%) this error term is 
significant. We therefore corrected these diffuse re-
flectance measurements before computing the acry-
lic's opaque reflectance, R.,. 
The scattering coefficients S were then calculated 
directly from Eq. (6), after substitution of the previ-
ously determined a values from the (RT) analysis. 
The computed S curves for acrylic sample A, before 
and after immersion in the various liquids, are shown 
in Fig. 6 from 300 to 500 nm. The reproducibility of 
this procedure was independently checked by subject-
ing a second acrylic specimen to immersion in H 20 and 
evaluating its S curve in an identical manner. It can 
be seen that the agreement of this repeat measurement 
is extremely good, being within 0.0002 cm of the first 
set of measurements. Similar S data were determined 
for acrylic samples B and C. However, their obviously 
poorer UV optical transmittance characteristics pre-
clude their further consideration for our purposes. All 
three evaluated acrylics exhibit a large increase in 
scattering with decreasing wavelength suggesting a 
predominance of Rayleigh scattering which has a 
dependence, but, unlike the a curves, the extent of the 
increased scattering in the aged samples depends upon 
the particular immersion liquid. For example, at 300 
nm, sample B exhibits a 2.5 X increase in scattering for 
all three immersion liquids compared with the blank 
specimen, whereas, sample A exhibits a 2 X increase for 
immersion in D20 and a 3 X increase for immersion in 
H20 and in brine. In the visible region, the computed 
S values for all three unaged acrylic samples range 
from (2-5) X 10 cm 1, with the lowest value being in 
excellent accord with that determined by Crist and 
Marhic4 at 570 nm using a light scattering goniometer 
(S = 2.3 X 10-4). However, these authors also report a 
values of -'10 cm from 488 to 680 nm which are 
almost an order of magnitude smaller than those deter- 
mined in this study. There are two plausible explana-
tions for this discrepancy. First, Crist and Marhic's 
study was conducted on extremely pure optical grade 
acrylic and not on commercially available UV-grade 
acrylic. Second, the inherent accuracy of the (RT) 
method is insufficient to determine extremely small a 
values of -10 cm. However, it is adequate at 
extracting a data (to better than 10%) at the level of 
10 2  cm' assuming relatively small experimental er-
rors in R and T (:5 1%). This is the situation encoun-
tered here in the characterization of UV optical con-
stants of UV transmitting acrylics and, therefore, does 
not pose a serious impediment to our application. 
B. Aging Study on Samples D and E 
The values of a derived for as-cast acrylic samples D 
and E, before and after aging in ultrapure H 20 are 
shown in Fig. 7 from 300 to 400 nm. It can be seen that 
these specimens are generally superior to the previous 
candidates A, B, and C, both in terms of their reduced 
absorption losses in the UV region, and also their re-
tention of these favorable characteristics after aging. 
The aged samples D and E also increased by only 
'--'0.1% and -'-'0.2%, respectively, in thickness as com-
pared with an '-'0.4% increase with aged samples A, B, 
and C. The absorption coefficient results for the aging 
study on the thermoformed versions of samples D and 
E are shown in Figs. 8 and 9. The designations BM 
and RF refer to the thermoforming procedure used, 
i.e., over bare metal or over metal coated with rubber 
flocking, respectively. It can be seen that the RF 
process produces a slightly superior acrylic, although 
both thermoformed samples exhibit improved reten-
tion of their optical properties compared with the 
unthermoformed samples. While the optical trans-
mittance of the as-cast and thermoformed versions of 
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Fig. 6. Scattering coefficients for unaged acrylic sample A comput- 
ed from Kubelka-Munk remission function and from a-data derived 
from (RT) analysis. See text for further details. 
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Fig. 7. Absorption coefficients for blank and aged specimens of 
acrylic samples D and E. 
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Fig. 8. Absorption coefficients for thermoformed blank and aged 
specimens of acrylic Sample D. BM and RF refer to whether the 
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Fig. 9. Absorption coefficients for thermoformed blank and aged 
specimens of acrylic sample E. BM and RF refer to whether the 
thermoforming took place over bare metal or rubber flocked metal, 
respectively. 
profoundly different, with the thermoformed samples 
exhibiting significantly higher absorption. 
V. Discussion 
This investigation of the optical properties of UV-
grade acrylics has answered a number of questions 
regarding its use in the proposed SNO detector, but 
which also have bearing on design of other optical 
systems. The optical transmittance properties vary 
significantly, particularly in the UV region, for acrylic 
samples from different manufacturers and even differ-
ent formulations or batches from the same manufac-
turer. For example, the absorption coefficients at 300  
nm for as-cast unaged acrylics vary by a factor of 2.5, 
ranging from 0.29 to 0.72 cm -1 . Since it is impractical 
to evaluate all of the acrylic raw material to be used in 
the SNO detector, the material and processing vari-
ables will have to be carefully controlled by the manu-
facturer. Regarding the weatherability of the acrylics, 
it was found generally that prolonged immersion of the 
as-cast specimens in the various liquids led to an over-
all deterioration in optical transmittance, and an in-
crease in scattering, the extent depending on the par-
ticular acrylic under study, with the greatest 
differences occurring in the wavelength interval 300-
400 nm. However, sample D exhibited minimal dete-
rioration in its optical transmittance upon aging or 
upon thermoforming. It is important to note that the 
surfaces of the acrylics did not visibly craze due to long 
term exposure to ultrapure water, heavy water or 
brine. It is also interesting that the thermoformed 
acrylics appeared to be more durable than the corre-
sponding as-cast samples in retaining their optical 
properties after long-term liquid immersion. 
The acrylic absorption data obtained in this study, 
in conjunction with the previously determined D 20 
and H20 absorption data, 2 has enabled the perfor-
mance of the proposed SNO neutrino detector to be 
modeled. Given a hypothetical neutrino event at the 
center of the D 20 volume, the resultant Cerenkov radi-
ation traverses 5 in of D 20, 5cm of acrylic wall, and 2.5 
in of H 20 before being recorded at the photomultiplier 
tubes. Using absorption data for thermoformed spec-
imens of samples D and E [Figs. 8 and 91 and normaliz-
ing to the photomultiplier quantum efficiency re-
sponse, 7 the transmittance of Cerenkov radiation is 
0.685 (sample D) and 0.668 (sample E). Since the 
transmittance for 5-cm thick acrylic alone is 0.843 
(sample D) and 0.815 (sample E), absorption losses are 
shared approximately equally between water and 
acrylic. While the transmittances for aged and blank 
unthermoformed versions of sample E are 0.899 and 
0.918, respectively, the thermoforming process drasti-
cally lowers the transmittances for aged and blank 
specimens to a value of 0.815 ± 0.003. In contrast, for 
sample D, there was essentially little difference in 
transmittance for thermoformed and unthermo-
formed specimens and for aged and blank specimens; 
the value for transmittance was 0.843 ± 0.008. Since 
the acrylic vessel will be largely thermoformed, this 
3.4% gain in transmitted radiation for thermoformed 
sample D over thermoformed sample E is important 
for optimizing the neutrino detector, and is consider-
ably more cost-effective than increasing the photo-
cathode coverage. 
The Monte Carlo reconstruction of neutrino events 
in the SNO detector also requires information on the 
relative amounts of absorption and scattering of Ce-
renkov photons. In Table II, the absorption and scat-
tering coefficients, and S/a percentages for blank and 
immersed (in D20) specimens of sample A acrylic are 
summarized. In current simulations, input parame-
ters of S/a which vary from 0.5% at 300 nm up to-4.1% 
in the visible region for immersed acrylic, are used. 
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Table H. Absorption and Scattering Coefficients for Sample A 
Blank Specimen 
Wavelength (nm) a Scatt. Coeff. S/a 
300 .410 .00119 0.3 % 
325 .055 .00084 1.5 % 
350 .025 .00054 2.2 % 
400 .009 .00023 2.6 % 
450 .009 .00023 2.6 % 
500 	1 .007 1 .00020 2.8 % 
Specimen Immersed in D20 
Wavelength (nm) a Scatt. Coeff. S/a 
300 .488 .00250 0.5 % 
325 .099 .00186 1.9 % 
350 .043 .00112 2.6 % 
400 .013 .00045 3.5 % 
450 .009 .00037 4.1 % 
500 	1 .006 1 .00025 	1 4.2 % 
Note: a and S in cm 
Al. Conclusions 
Optical properties of several premium UV transmit-
ting acrylics have been determined as a function of 
wavelength via spectrophotometric methods. These 
acrylic specimens are proposed for use in a heavy water 
Cerenkov detector (SNO). The results suggest that 
the optical properties, particularly in the UV region, 
depend on the manufacturer, the fabrication, and the 
aging history. While immersion aging in H 20, D20, 
and brine similarly affect their absorption properties, 
this is not necessarily the case for the scattering prop-
erties. Thermoformed specimens appear to display 
greater integrity of their optical properties to immer-
sion aging compared with unthermoformed specimens. 
Acrylic samples A and D tested here exhibit the best 
optical performance for the SNO detector and their 
measured absorption, scattering and refractive data 
have been used in Monte Carlo simulations of the 
detector response with respect to reconstruction of 
neutrino events. The proposed SNO detector has re-
ceived (Jan. 1990) final approval with respect to fund-
ing, and has moved to project status. 
The authors acknowledge the contributions of R. S. 
Storey in the initial phases of this study, I. P. Powell 
for a complementary measurement of the refractive 
index of acrylic, and B. R. Hollebone for assistance in 
aging the samples. 
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